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RÉSUMÉ 
Au Canada, près de 80% des émissions totales, soit 692 Mt eq. CO2, des gaz à effet de serre 
(GES) sont produits par les émissions de dioxyde de carbone (CO2) provenant de 
l’utilisation de matières fossiles non renouvelables. Après la Conférence des Nations Unies 
sur les changements climatiques, COP21 (Paris, France), plusieurs pays doivent réduire 
leurs émissions de GES. Dans cette optique, les microalgues pourraient être utilisées pour 
capter le CO2 industriel et le transformer en biomasse composée principalement de lipides, 
de glucides et de protéines. De plus, la culture des microalgues n’utilise pas de terres 
arables contrairement à plusieurs plantes oléagineuses destinées à la production de 
biocarburants. Bien que les microalgues puissent être transformées en plusieurs 
biocarburants tels le bioéthanol (notamment par fermentation des glucides) ou le 
biométhane (par digestion anaérobie), la transformation des lipides en biodiesel pourrait 
permettre de réduire la consommation de diesel produit à partir de pétrole. Cependant, les 
coûts reliés à la production de biodiesel à partir de microalgues demeurent élevés pour une 
commercialisation à court terme en partie parce que les microalgues sont cultivées en phase 
aqueuse contrairement à plusieurs plantes oléagineuses, ce qui augmente le coût de récolte 
de la biomasse et de l’extraction des lipides. Malgré le fait que plusieurs techniques de 
récupération des lipides des microalgues n’utilisant pas de solvant organique sont 
mentionnées dans la littérature scientifique, la plupart des méthodes testées en laboratoire 
utilisent généralement des solvants organiques. Les lipides extraits peuvent être 
transestérifiés en biodiesel en présence d’un alcool tel que le méthanol et d’un catalyseur 
(catalyses homogène ou hétérogène). Pour la commercialisation du biodiesel à partir de 
microalgues, le respect des normes ASTM en vigueur est un point essentiel. 
Lors des essais en laboratoire, il a été démontré que l’extraction des lipides des micro-
algues en phase aqueuse était possible afin d’obtenir un rendement maximal en lipides de 
36% (m/m, base sèche) en utilisant un prétraitement consistant en une ébullition de la phase 
aqueuse contenant les microalgues et une extraction par des solvants organiques. Pour 
l’estérification, en utilisant une résine échangeuse de cations (Amberlyst-15), une 
conversion des acides gras libres de 84% a été obtenue à partir des lipides de la microalgue 
Chlorella protothecoïdes dans les conditions suivantes : température : 120°C, pression 
autogène, temps de réaction : 60 min, ratio méthanol/lipides: 0.57 mL/g et 2.5% (m/m) 
Amberlyst-15 par rapport aux lipides. En utilisant ces conditions lors d’une première étape 
homogène acide (acide sulfurique) suivie d’une seconde étape alcaline avec de l’hydroxyde 
de potassium (température : 60°C ; temps de réaction : 22.2 min; ratio catalyseur 
microalgue : 2.48% (m/m); ratio méthanol par rapport aux lipides des microalgues : 
31.4%), un rendement en esters méthyliques d’acides gras (EMAG) de 33% (g EMAG/g 
lipides) a été obtenu à partir des lipides de la microalgue Scenedesmus Obliquus. 
Les résultats démontrent que du biodiesel peut être produit à partir de microalgues. 
Cependant, basé sur les présents résultats, il sera necessaire de mener d’autres recherches 
pour prouver que les microalgues sont une matière première d’avenir pour la production de 
biodiesel. 
Mots-clés : Biodiesel, lipides, micro-algues, extraction, catalyse hétérogène, estérification, 
purification 
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ABSTRACT 
In Canada, near 80% of the greenhouse gases (GHG), 692 Mt eq. CO2, are produced by 
CO2 emissions from non renewable fossil fuel used. Following the United Nations 
conference on climate changes (COP21) (Paris, France), several countries have the 
objective to reduce their GHG emissions. Consequently, the microalgae should be used to 
trap industrial carbon dioxide and transform them to a biomass composed of lipids, carbon 
hydrates and proteins. Moreover, this type of culture does not require arable land in 
opposition to several oleagineous plant used to produce biofuels. Despite the fact that 
microalgae can be transformed to several biofuels as bioethanol (among others by 
fermentation) or biomethane (by anaerobic digestion), the lipid transformation into 
biodiesel shoud allow reducing the petrodiesel consumption. However, the cost linked to 
the biodiesel production from microalgae remain relatively high far for a short term 
commercialisation partially because microalgae are cultivated in aqueous phase in 
opposition to several oleagineous plants increase the biomass harvesting and the lipid 
extraction cost. Despite de fact that several techniques of microalgae lipids recovery which 
do not use organic solvents as mentioned in the literature, most methods tested in 
laboratory generally used organic solvents. The lipids extracted can be transformed into 
biodiesel in presence of an alcool such as methanol and a catalyst (homogeneous or 
heterogeneous). For the microalgae biodiesel commercialization, the respect of ASTM 
standards is an essential point. 
At the laboratory scale, it was shown that the lipid extraction in aqueous phase was possible 
to obtain a maximum yield of 36wt% (dry weight) by using a boiling pretreatment of the 
aqueous phase microalgae followed by an extraction with organic solvents. For the 
esterification of FFAs with a strong acid resin (Amberlyst-15), a FFAs conversion of 84% 
was obtained from Chlorella protothecoides microalgae lipids in the following conditions: 
temperature : 120°C, autogeneous pressure, reaction time: 60 min, methanol/lipids ratio: 
0.57 mL/g and 2.5wt% Amberlyst-15 compared to lipids. With the same reaction 
conditions (1st step) with a homogeneous catalyst (H2SO4) and an alkaline second step with 
a catalyst of potassium hydroxide (KOH) (temperature: 60°C; reaction time: 22.2 min; 
catalyst to microalgue ratio: 2.48wt%; methanol to lipids ratio: 31.4%), a fatty acid methyl 
ester (FAME) yield of 33% (g FAME/g lipids) was obtained from the Scenedesmus 
obliquus microalgae lipids. 
These results showed that biodiesel can be produced from microalgae lipids. However, 
based on these results, further research had be conducted in order to prove that microalgae 
are a promising raw matrial to produce biodiesel. 
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PRÉSENTATION GÉNÉRALE 
 
Suite à la Conférence de Paris des Nations Unies sur les changements climitiques (COP21, 
Paris, France) en décembre 2015, le Canada s’est engagé à réduire, d’ici 2030, ses émissions 
de gaz à effet de serre (GES) de plus de 30% par rapport au niveau d’émission de 2005, soit 
607 Mt. Éq. CO2 [Government of Canada, 2015]. 
Le dioxyde de carbone (CO2) était le principal GES émis au Canada, en 2013 ; en effet, près 
de 80% des 726 Mt. Éq. CO2 de GES émis étaient attribuables à ce GES. Au Canada, 93% des 
émissions de CO2 sont attribuables au secteur de production d’énergie et le reste au secteur 
industriel [Environment Canada, 2012]. Par conséquent, les technologies aidant à la réduction 
du CO2 devraient être priorisées. En ce sens, la production de biocarburants permet de réduire 
les émissions de GES parce que la culture de la matière première utilise du CO2 comme 
substrat. Cependant, les biocarburants de première génération produits à partir de matières 
premières cultivées sur des terres fertiles ne semble pas une solution acceptable, car 
l’exploitation de ces terres prive la population humaine d’une source d’alimentation [Veillette 
et al., 2012]. Produire des biocarburants, comme le biodiesel, à partir de microalgues est une 
solution écoresponsable qui n’entre pas en compétition avec la production alimentaire 
humaine ou animale parce que les microalgues sont cultivées dans l’eau [Girard et al., 2014]. 
En plus des lipides potentiellement transformables en biodiesel, les microalgues contiennent 
des composés à valeur ajoutée tels que les caroténoides, la chlorophylle, les protéines et les 
glucides [Veillette et al., 2012]. Par conséquent, les microalgues ont un grand potentiel au 
niveau énergétique, alimentaire et pharmaceutique.  
Afin de pouvoir valoriser les lipides en biodiesel, il faut tout d’abord extraire les lipides de la 
paroi des microalgues. En effet, certaines microalgues peuvent avoir un contenu en lipides qui 
peut atteindre 75% (m/m) [Deng et al., 2009], ce qui en fait une matière première idéale pour 
la production de biodiesel. Afin d’extraire les lipides, la paroi de la microalgue doit être brisée 
en utilisant des méthodes physicochimiques comme les micro-ondes, les ultrasons, etc. [Lee et 
al., 2010]. Puis, les lipides, principalement les triglycérides sont transformés en biodiesel par 
catalyse basique [Koberg et al., 2011a]. Par contre, les acides gras libres (AGLs) ne peuvent 
être transformés en biodiesel par catalyse basique, car en présence d’un tel catalyseur, ils se 
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tranforment en savon [Lotero et al., 2005]. Par conséquent, un substrat, comme les lipides des 
microalgues, possèdant un contenu en AGLs supérieur à 2% (m/m) doit être traité avec un 
catalyseur acide, en présence de méthanol, afin de réduire son contenu en AGLs [Abidin et al., 
2012]. 
Les catalyseurs hétérogènes (acide, basique ou enzymatique) peuvent potentiellement 
permettre la réutilisation du catalyseur, ce qui a comme avantage la réduction des coûts, une 
séparation du catalyseur plus facile et moins de corrosion des équipements du procédé 
[Helwani et al., 2009a; Helwani et al., 2009b]. 
Le 1er chapitre de cette thèse de doctorat décrit la problématique de l’émission de GES et de la 
dépendance au pétrole. De plus, ce chapitre discute des variables importantes de la production 
de biodiesel à partir de microalgues: culture des microalgues, extraction des lipides, 
transestérification des triglycérides et catalyseurs, propriétés du biodiesel à partir de 
microalgues, normes de production, calcul des coûts et capacité de production de microalgues 
au Canada. Il est à noter que l’étude a porté une attention particulière aux techniques 
d’extraction de lipides. 
Le 2e chapitre traite de l’extraction des lipides des microalgues et leur transestérification par 
catalyse acide homogène à l’échelle laboratoire. En effet, plusieurs techniques 
physicochimiques ont été testées afin de briser la paroi cellulaire d’un mélange de microalgues 
(Nannochloropsis oculata, Isochrysis galbana et Pavlova lutheri) afin d’augmenter le 
rendement en lipides. De plus, la composition en esters méthyliques d’acides gras (EMAG) du 
biodiesel a été analysée. 
Les 3e et 4e chapitres décrivent une methode de purification du biodiesel comprenant un 
procédé en 2 étapes (1ère étape basique (saponification) et 2e étape acide (esterification)). 
Plusieurs variables ont été étudiées (température, temps de reaction, ratio méthanol/lipides, 
etc.) et leurs effets sur le rendement en biodiesel et sur la pureté du biodiesel ont été discutés. 
De plus, ce procédé a été comparé avec une autre technique de purification, soit la 
cristallisation. 
Le 5e chapitre porte sur l’estérification des acides gras libres (AGLs) contenus dans les lipides 
de microalgues. Plus particulièment, des catalyseurs acides ont été synthétisés et des tests 
catalytiques ont été effectués sur une huile modèle (huile de canola et acide oléique). Puis, le 
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procédé a été testé sur les lipides de microalgues et la compositon en EMAG du biodiesel a été 
discutée.  
Le 6e chapitre concerne l’étude d’un catalyseur d’oxyde de strontium (SrO) à l’aide d’une 
méthodologie des surfaces de réponses. L’étude a tenté de déterminer si le catalyseur de SrO 
utilise un mécanisme de réaction homogène ou hétérogène. Afin d’arriver à cet objectif, l’effet 
de plusieurs variables (température, temps de reaction, ratio massique catalyseur/huile, ratio 
massique méthanol/huile contenu initial AGLs, contenu initial EMAG) sur l’efficacité du 
procédé a été étudié. Suite à cette étude, le procédé a été mis à l’échelle, le SrO a été comparé 
à d’autres catalyseurs afin de determiner lequel était le plus efficace pour transformer les 
lipides des microalgues en biodiesel. La composition du biodiesel, en termes d’EMAG, a été 
analysée et discutée.  
Finalement, le chapitre 7 fait la synthèse des résultats obtenus lors de la thèse et décrit les 
perspectives de la production de biodiesel à partir de microalgues.   
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CHAPITRE 1  
INTRODUCTION 
 
Avant propos : 
L’article « Biodiesel from microalgae lipids: From inorganic carbon to energy production » a 
été accepté par le journal « Biofuels » le 6 mai 2016 
 
TITRE : Du biodiesel à partir de lipides de microalgues : Du carbone inorganique à la 
production d’énergie 
TITLE: Biodiesel from microalgae lipids: From inorganic carbon to energy production 
 
Marc Veillette1,2, Anne Giroir-Fendler2, Nathalie Faucheux1 & Michèle Heitz1 
1Department of Chemical Engineering and Biotechnological Engineering, Engineering 
Faculty, Université de Sherbrooke, Canada. 
2 Université Lyon 1, CNRS, UMR 5256, IRCELYON, Institut de Recherches sur la Catalyse et 
l’Environnement de Lyon, 2 avenue Albert Einstein, 69626 Villeurbanne Cedex, France 
*Author to whom correspondence may be addressed 
 
Contribution au document: Cet article est pertinent à la thèse parce qu’il décrit la production 
de biodiesel à partir de microalgues de leur culture jusqu’à l’atteinte des normes ASTM pour 
le biodiesel. 
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1.1 Résumé 
Suite à la conférence des Nations Unies sur les changements climatiques, COP21 (Paris, 
France), plusieurs pays ont tenté de réduire leurs émissions de gaz à effet de serre (GES). Afin 
d’atteindre cet objectif, les microalgues peuvent être utilisées pour capter le dioxyde de 
carbone et le transformer en biomasse composée essentiellement de lipides, de glucides et de 
protéines. De plus, cultiver des microalgues ne nécessite pas de terres fertiles contrairement à 
plusieurs espèces de plantes oléagineuses utilisées pour produire des biocarburants. Bien que 
les microalgues puissent être transformées en divers biocarburants tels que le bioéthanol (par 
fermentation des glucides) et le biométhane (par digestion anaérobie), transformer les lipides 
en biodiesel pourrait réduire la consommation de pétrodiesel. Cependant, les coûts de la 
production de biodiesel à partir de microalgues demeurent élevés pour une commercialisation 
à court terme. Les lipides de microalgues peuvent être transestérifiés en présence d’un 
catalyseur. Afin de commercialiser le biodiesel à partir de microalgues, les propriétés 
physicochimiques du biodiesel produit doivent satisfaire aux normes ASTM. 
 
Mots clés: Microalgues, culture, lipides, extraction, transestérification, biodiesel. 
1.2 Abstract 
Following the United Nations Conference on Climate Change, COP21 (Paris, France), several 
countries have attempted to reduce their greenhouse gases emissions. In order to reach this 
objective, microalgae could be used to capture carbon dioxide and transform it into a biomass 
composed essentially of lipids, carbohydrates and proteins. Moreover, cultivating microalgae 
does not require arable land in opposition to several oleaginous plants used to produce 
biofuels. Despite the fact that microalgae could be transformed into several biofuels such as 
bioethanol (by fermentation of hydrocarbons) and biomethane (by anaerobic digestion), 
transforming lipids into biodiesel could allow to reduce oil-based diesel consumption. 
However, the microalgae biodiesel production costs remain high for a short-term 
commercialization. The microalgae lipids can be transesterified into biodiesel in the presence 
of catalysts (homogeneous or heterogeneous). In order to commercialize biodiesel from 
microalgae, the biodiesel physicochemical properties must respect the ASTM standards.  
 
Keywords: Microalgae, culture, lipids, extraction, transesterification, biodiesel. 
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1.3 Introduction 
Between 1980 and 2011, the world carbon dioxide (CO2) emissions increased from 18.5 to 
31.5 billion metric tons per year, which represented an increase of 420 million metric tons per 
year [Energy Information Administration, 2011]. In order to reduce these emissions, several 
countries signed United Nations Conference on Climate Change, COP21 (Paris, France) in 
December 2015. Among them, by 2030, the Canadian government is committed to reduce 
greenhouse gases (GES) emissions by 30% under the 2005 GHG emission level of 607 Mt. 
Éq. CO2 [Government of Canada, 2015]. In Canada in 2013, near 80% of all GHG, around 
581 Mt. Éq. CO2, were attributable to CO2 emissions [Environment Canada, 2013; 
Environment Canada, 2015]. The Canadian CO2 emissions related to energy consumption 
increased from 457 to 581 million metric tons between 1980 and 2013, which represents 
around 16 metric tons CO2 per person in 2013 [Energy Information Administration, 2011; 
Environment Canada, 2015]. The main sectors responsible for CO2 emissions are the energy 
sector (93%) and industrial process (6.7%) [Environment Canada, 2012]. 
The exploitation of fossil fuel in western Canada has, among other, contributed to increasing 
CO2 emissions linked to the energy sector from 467 to 588 Mt. Éq. CO2, an increase of 25% 
between 1990 and 2013 [Environment Canada, 2012; Environment Canada, 2015]. Indeed, 
Canada owns the second most important petroleum deposit (all forms included) in the world 
with 178 billion barrels, which is the 4th world important oil producer with 3.3 billion barrels 
per day (2012); most of this oil was exported to the United States of America [U.S. Energy 
Information Administration, 2013a]. 
Between 1992 to 2012, the world proven petroleum deposit evaluated by BP petroleum 
company seems to have increased from 1040 to 1690 billion barrels [BP, 2013]. The world 
petroleum deposit was evaluated at 1526 billion barrels in 2012 [U.S. Energy Information 
Administration, 2012]. Some authors predict that these petroleum deposits will be sufficient to 
fulfill the demand for petroleum based products until 2042 [Shafiee et Topal, 2009]. This 
could be attributable to the fact that the crude petroleum consumption increased from 78 to 90 
million barrels per day from 2002 to 2012 [BP, 2013]. In 2012, the world most important 
petroleum oil consumers were the United-States, China and Japan with 18.5, 10.3 and 4.7 
million barrels per day, respectively [U.S. Energy Information Administration, 2015]. 
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According to the same source, Canada was the 10th most important oil consumer with 2.3 
million barrels per day in 2012. 
Alternatively to non-renewable energy sources, energy can be produced from biomass such as 
lignocellulosic plants, herbaceous plants, water plants and animal manure [McKendry, 2002]. 
Indeed, in 2011, 82% of all the world non-renewable energy was produced from biomass 
followed by hydropower, wind, solar and other with 15, 2.0, 0.2, 0.4%, respectively [World 
energy council, 2013].  
In order to find more sustainable solutions to replace oil-based fuel, other solutions are 
currently being developed such as liquid biofuels, gaseous biofuels (hydrogen (H2), methane 
(CH4), etc.), solar energy, fuel cell and hybrid technologies [Chapman, 2007]. Consequently, 
several countries (mostly European countries) have voted laws stating that the fuel used by 
transportation must contain at least 10% (v/v) biofuel such as bioethanol or biodiesel by 2010 
[Bindraban et al., 2009]. However, since most of biofuels are produced from plants cultivated 
on arable lands, the European countries have reduced, in 2013, their target of biofuels in fuels 
to 6% (v/v) [Nouvelles du monde, 2013].  
Despite the fact that the biodiesel production is around 4 times lower than the bioethanol 
production [U.S. Department of Energy, 2010], the interest for biodiesel has constantly been 
rising since the fluctuation of oil prices [Chisti, 2007]. In April 2011, the average price of a 
barrel of oil reached a peak value exceeding 121 US$ [BP, 2011a; Live oil prices, 2011] while 
in 2015 it decrease to less than 40 US$ [Egan, 2015]. Furthermore, the world biodiesel 
production increased from 77 to 403x103 barrels per day between 2005 and 2011, but the 
Canadian biodiesel production remains low at 3600 barrels per day in 2012 [U.S. Energy 
Information Administration, 2015]. 
Among the vegetable oleaginous species used as a source of biomass, microalgae are an 
interesting source because these microorganisms, which do not require being cultivated on 
arable lands, can be utilized to produce biodiesel [Chisti, 2007]. 
Microalgae can also be utilized as a raw material for the production of food supplements, 
medical chemicals and livestock food [Kaya et Barton, 1991]. Moreover, microalgae can be 
transformed into energy using gasification (synthesis gas), anaerobic digestion, direct 
combustion (heat), liquefaction, pyrolysis, hydrogenation and transesterification [Amin, 2009; 
Tsukahara et Sawayama, 2005; Brennan et Owende, 2010]. 
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Biodiesel from vegetable oil can produce the required energy in order to be used in 
transportation and generating low air pollutants such as sulfur and polycyclic aromatic 
compounds [Balat et Balat, 2008]. For example, increasing the biodiesel content in petrodiesel 
from 0 to 20% (v/v) allows to reduce the emissions of particular matter (-10%), carbon 
monoxide (-11%) and unburned hydrocarbons (-21%), but slightly increases the nitrogen 
oxide emissions (+2%) [United States Environmental Protection Agency, 2002]. Moreover, 
with a 20% (v/v) biodiesel-petrodiesel blend (B20), mercaptan emissions (bad smells) can be 
reduced up to 18% [Machado Corrêa et Arbilla, 2008]. In addition, increasing the biodiesel 
content from 20 to 100% (v/v) in petrodiesel can increase the distance traveled from 0.38 to 
4.5 km/L [Demirbas et Demirbas, 2010]. According to the same source, the main problem 
with biodiesel is the feedstock costs, which represents 80% of the operating costs. However, 
the research on microalgae biodiesel must continue because the biodiesel production costs 
remain high between 2.4 and 6.6 $US/L (microalgae culture in ponds) [Singh et Gu, 2010]. 
Reducing the cost associated with microalgae biodiesel is an important challenge for the 
replacement of 1st generation biodiesel, produced from oleaginous plants such as soybean 
[Carlsson et al., 2007]. 
This literature review will describe the microalgae culture, composition, harvesting, lipid 
extraction and lipid transesterification. Moreover, the possibilities of using microalgae as a 
raw material for biodiesel production will be discussed through biodiesel properties, by-
products, cost calculation and Canadian biodiesel production.  
1.4 Microalgae: a source of sustainable development 
Currently, 1st generation biofuels are mainly produced from agricultural biomass such as 
soybean, rapeseed, palm, etc. Most of the biodiesel produced in the United States comes from 
soybean culture [Chisti, 2007]. However, using arable lands to produce biodiesel can have 
negative effects on the economy, the environment and the society. 
On an economic level, producing biofuels, such as biodiesel on a large scale using arable lands 
in order to cultivate the biomass could lead to an increase of food prices. As an example, 
between 2000 and 2011, the index (« FAO Food Price Index » et « FAO Oils/Fats Price 
Index ») of several food and oil prices increased by 250% [FAO, 2011]. This situation would 
have, as a consequence, to increase the disparity between rich and poor countries threatening 
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the food security of the poorest countries [Mitchell, 2008]. At an environmental level, 
producing biofuels on a large scale, using arable land could create problems of soil 
impoverishment, land pollution and deforestation [National Research Council, 2007; 
Goldemberg et Guardabassi, 2009; Bordet et al., 2006]. 
Using microalgae as a raw material for biofuel production could solve these problems as 
microalgae culture does not compete with human and animal food production [Veillette et al., 
2012]. Furthermore, this type of culture does not require heavy equipment for chemical 
products spreading or for watering because nutrients and water are added to the bioreactor. 
One of the main advantages of microalgae is their lipid content. As an example, palm oil can 
contain up to 36% (dry weight) of lipids (triglycerides) with a maximal culture yield of 5.4 m3 
lipids/ha/year [Mata et al., 2010], while microalgae can contain up to 75% (dry weight) lipids 
with a culture yield of 137 m3 lipids/ha/year [Chisti, 2007]. 
1.4.1 Microalgae composition 
Microalgae are composed of 4 main components: lipids, carbohydrates, proteins and nucleic 
acids [Williams et Laurens, 2010]. 
 Carbohydrates 
Carbohydrates are structural material, with a metabolic function, of the microalgae [Williams 
et Laurens, 2010] which can be found as starch, polysaccharides, monosaccharides (like 
glucose) and more [Spolaore et al., 2006]. Concerning the biofuels, one of the main interests 
of carbohydrates is to use microalgae glucose and transform it by fermentation into bioethanol 
[Harun et al., 2010]. Another study stated that cyanobacteria could synthesize directly 
bioethanol from CO2 with an annual production of 20 m
3/ha [Angermayr et al., 2009]. 
 Proteins 
Like carbohydrates, proteins contained in microalgae have metabolic and structural functions 
[Williams et Laurens, 2010]. Depending on the type of microalgae, the protein content ranges 
from 30 to 50 wt% of the dry biomass [Walker et al., 2005]. Several companies (such as 
Cyanotech, Martek Biosciences Corporation, Mera Pharmaceutical, etc) have cultivated 
microalgae for their protein content (dietary supplements) or other components like pigments 
[Walker et al., 2005]. 
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 Lipids 
Lipids are also structural elements with an energy storage function [Williams et Laurens, 
2010]. There are 14 categories of lipids such as hydrocarbons, alcohols, aldehydes, ketones, 
quinones, fatty acids (free or conjugated), wax, sterol esters, vitamin alcohols, polyhydric 
alcohol ethers (diol ethers and glycerol ethers), phospholipids, glycolipids, sulfated lipids and 
lipids containing amino acids [Kates, 1986]. On the other hand, several of these lipids cannot 
be transformed into FAME and are called unsaponified lipids. 
Some polyunsaturated lipids (omega 3 and omega 6) such as eicosapentaenoic acid (EPA) and 
decohexanoic acid (DHA) showed a potential reduction of some types of cancer such as 
colorectal cancer [Kim et al., 2010], and have antiangiogenic, antivasoproliferative and 
neuroprotective properties [SanGiovann et Chew, 2005]. 
Depending on the type of microalgae, the lipid yield obtained from microalgae can reach at 
least 75% (g lipid/g dry biomass) [Chisti, 2008; Deng et al., 2009]. The microalgae with the 
most important lipid content are (g lipid/g dry biomass): Botryococcus braunii (25–75%), 
Schizochytrium sp. (50-77%), Dunaliella tertiolecta (16–71%), Dunaliella sp. (17–67%) and 
Neochloris oleoabundans (29–65%) [Chisti, 2008; Deng et al., 2009]. 
Several microalgae species have a high carotenoid content like the microalgae Dunaliella 
salina that contains 10% (g/g dry biomass) of -carotene (a kind of carotenoid) [Liu et Lee, 
2000]. Some factors affect the carotenoid content in microalgae such as temperature, pH, 
dissolved oxygen level in the culture medium [Liu et Lee, 2000]. As an example, using a 
stream of air containing 2% (v/v) of CO2 for the growth of the microalgae Chlorococcum sp. 
for 10 days at a irradiance of 200 mol photons m−2s−1, Liu et Lee [2000] increased the initial 
pH from 5 to 9 and found that a pH of 8 was the best pH tested for carotenoid growth with a 
total carotenoid content of 7.4 mg/g. 
Another study tried to recover extracellular polymeric substances (EPSs) (extracellular 
biomass) of microalgae. For example, a recent study used solvents to extract a maximum 
concentration of EPSs in an aqueous phase of 0.944 g/L of EPSs from the microalgae 
Dunaliella salina and obtained a maximal emulsifying activity of 86% EPSs [Mishra et Jha, 
2009]. 
 Nucleic acids and chlorophyll 
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In microalgae, the content of nucleic acids generally varies from 4 to 6% (g/g dry biomass) 
[Becker, 2004]. On the other hand, a high level of nucleic acids (> 0.3 g microalgae/kg body 
weight/day) induces oral toxicity for the human body [Spolaore et al., 2006], which means 
that microalgae require to be processed before human comsumption. For animal food, 
unprocessed microalgae do not seem to be toxic [Becker, 2004].  
Chlorophyll is a green pigment. Industrially, this pigment is mainly used as an additive by the 
pharmaceutical industry (cosmetic products) and also acts as a natural dying agent [Hosikian 
et al., 2010]. Moreover, according to the same reference, these compounds have antioxidant 
and antimutagenic properties. The solvents used to extract chlorophyll are methanol, ethanol, 
dimethyl formamide, acetone and supercritical CO2 [Hosikian et al., 2010]. As an example, 
Bai et al. [2011] studied microalgae pigments (chlorophyll and carotenoids). They obtained 
chlorophyll contents ranging from 1.7 to 5.6% (g lipid/g dry biomass) for a few species of 
microalgae (including Chlorella sp., Chlorella minutissima, Dunaliella promolecta, Isochrysis 
galbana and Nannochloropsis oculata) by using methanol as an extraction solvent.  
1.4.2 Microalgae metabolisms 
There is more than 30 000 algae species known on earth [Hosikian et al., 2010] that can be 
classified as a function of their taxonomy, size and metabolism [Veillette et al., 2012; 
Gopinathan, 2004; Williams et Laurens, 2010]. Based on their metabolism, there are 4 main 
classifications to identify microalgae: photoautotrophic, heterotrophic, mixotrophic and 
photoheterotrophic. 
 Photoautotrophic 
Inorganic carbon (CO2 or bicarbonate) is transformed into biomass (microalgae) and oxygen 
following an input of light energy, water and nutrients [Hosikian et al., 2010; Cadoret et 
Bernard, 2008]. Carbon dioxide (CO2) can be supplied by several sources. A common source 
of CO2 often cited in the literature comes from thermal power plants [de Morais et Costa, 
2007].  
Despite the fact that the photoautotrophic metabolism seems to be a sustainable solution to 
reduce the CO2 emissions, this process has some limits. Even if the lipid content of some 
microalgae (Botryococcus braunii, Dunaliella tertiolecta, Neochloris oleoabundans) is 
relatively high (around 75% (g lipid/g dry biomass), the concentrations of microalgae biomass 
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obtained by these photoautotrophic metabolisms are low to medium (0.5-6.7 g/L) which make 
the microalgae biomass harvesting more problematic compared to other oleaginous species 
because microalgae require a high volume of culture medium. 
 Heterotrophic 
Heterotrophic microalgae transform organic carbon sources without light within fermentors 
[Xu et al., 2006]. Some microalgae species with heterotrophic metabolisms were studied 
because they can have high lipid contents (up to 56% (g lipid/dry biomass)) [Cantin, 2010;  Li 
et al., 2011]. It is to be noted that heterotrophic microalgae, such as Chlorella pyrenoidosa, 
can reach high biomass concentrations (up to 216 g/L), but rheological problems in fermentors 
were observed at biomass concentration higher than 150 g/L [Wu et Shi, 2008].  
Despite the fact that glucose is the most common carbon source [P. Li et al., 2011], other 
carbon sources were tested for microalgae growth such as fructose, galactose, acetic acid, 
sodium acetate, glycerol and various hydrolysis products [Cantin, 2010; Bhatnagar et al., 
2010]. Among the hydrolysis products, there is sugarcane [Cheng et al., 2009a], artichoke 
[Cheng et al., 2009b; Zhao et al., 2010], tapioca [Wei et al., 2009] and rice straw [Li et al., 
2011]. A study demonstrated that hydrolysis products have a higher potential than glucose. 
For example, growing the microalgae Chlorella pyrenoidosa with glucose and rice straw 
hydrolysate, as carbon sources, at a concentration of 10 g/L, Li et al. [2011] obtained a higher 
lipid content of 56% (g lipid/g dry biomass) using rice straw hydrolysate than glucose 50% (g 
lipid/g dry biomass). Furthermore, these authors obtained respective biomass concentrations of 
2.83 g/L and 0.92 g/L for rice straw hydrolysate and glucose as carbon sources. 
Despite the potential of heterotrophic microalgae for biodiesel production, no commercial 
scale plant of microalgae for biodiesel purpose has been built [Cantin, 2010] up to now. This 
could be explained by the fact that the first objective of microalgae culture is to decrease CO2 
emissions. Moreover, heterotrophic culture requires a cheap organic source such as organic 
matter hydrolysate [Xu et al., 2006], which is directly in competition with bioethanol 
production. 
 Mixotrophic and photoheterotrophic 
Microalgae with a mixotrophic metabolism can have a photoautotrophic or heterotrophic 
metabolism. They can use inorganic or organic carbon with or without energy light [Chen et 
al., 2011]. When the light is absent, these types of microalgae can continue to grow by using 
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inorganic or organic carbon. Liang et al. [2009] used glucose and CO2 (from air) in absence of 
light and obtained respective biomass productivities of 151 and 10 mg/L/day. When they used 
glucose in dark conditions in similar conditions, the biomass productivity increased to 254 
mg/L/day. The expression photoheterotrophic is kept for the microalgae that are able to use 
organic carbon and light [Chen et al., 2011].  
1.4.3 Microalgae production 
Industrial microalgae culture for lipid extraction was considered a long time ago. As an 
example, some studies were performed in the 50s in order to produce the Chlorella algae on a 
wide scale as a food source [Burley, 1976]. On the other hand, the interest in a specific 
microalgae production for a biofuel purpose is linked to the increase of oil prices and to the 
reduction of CO2 as mentioned previously. An interesting fact is that microalgae can mitigate 
CO2 emissions of several industries such as thermal power plants that burned oil fuel 
[Benemann et Oswald, 1996; K. G. Zeiler et al., 1995; Brown, 1996]. Moreover, microalgae 
can also be cultivated using wastewaters (as a source of nutrients) despite the abundance of 
heavy metals, pathogenic microorganisms, nitrogen or phosphorus [Benemann et Oswald, 
1996; Chinnasamy et al., 2009].  
A major problem with microalgae production is the fact that unrealistic biomass production 
rates reported in research articles have led to the cancellation of several microalgae production 
scaling up projects [Grobbelaar, 2010]. As an example, in the literature, a maximum biomass 
concentration of 27 g/L was reported for a flat plate photobioreactor [Suh et Lee, 2003], a 
concentration 4 times higher than the values observed for the microalgae Haematococcus 
pluvialis [Ranjbar et al., 2008].  
On an industrial scale, 4 modes of culture can be considered: open ponds, photobioreactors, 
hybrid modes and fermentors. 
 Open ponds 
Open ponds are divided into 3 categories [Amin, 2009]: 1) Lakes 2) Lagoons 3) Ponds. Most 
industrial microalgae cultures are performed in raceway type ponds, shallow (less than 30 cm 
deep), provided with a paddle wheel, which creates a flow to avoid microalgae settling [Chisti, 
2007]. Nutrients and water are added in front of the paddle wheel and microalgae are 
harvested at the back of the wheel [Chisti, 2007]. 
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The main advantage of open culture systems (outside) is to use free sunlight energy [Suh et 
Lee, 2003]. However, these systems have the disadvantage of producing low biomass density 
(lower than 1 g/L) [Carlsson et al., 2007; Chisti, 2007; Moheimani et Borowitzka, 2007; 
Blanco et al., 2007]. Cultivating the microalgae species Chlorella sp. in an open pond, Doucha 
and Lìvanský [2006] obtained a high biomass concentration (40 g/L) after 18 days of 
production. On the other hand, to our best knowledge of the literature, no other studies have 
reported such high biomass concentration in open ponds. The main advantage of open systems 
is linked to the facility of scaling up and the low investment costs, even if these systems have 
non neglectable disadvantages compared to closed systems: risk of contamination, higher 
harvesting costs, loss of CO2 (no CO2 recycled), higher water evaporation rates and bad use of 
energy light [L. Xu et al., 2009]. 
Despite the fact that open ponds are used for industrial microalgae production for food and 
cosmetic purposes [Pulz et Gross, 2004; Spolaore et al., 2006], production costs (around 3.65 
US$/kg biomass) make this technology hard to apply industrially for the production of 
biodiesel [Brennan et Owende, 2010]. 
 Photobiorectors 
In order to solve the problems linked to the microalgae culture in ponds (biomass 
concentration, production costs, contamination, etc.), microalgae culture in photobioreactors is 
often preferred [Alga Technologies, 2004]. There are several types of photobiorectors [Xu et 
al., 2009] : 1) Tubular 2) Flat plate 3) Airlift 4) Bubbling column 5) Stirred tank. 
Tubular photobioreactors, made of plastic or glass, can have different configurations: spiral 
[Acién Fernández et al., 2003; Hall et al., 2003], external looped [Acién Fernández et al., 
2001] and strait [Xu et al., 2009]. These systems can be paired with a pump or an airlift 
system [Acién Fernández et al., 2001; L. Xu et al., 2009]. 
The flate plate photobioreactors have parallel glass plates between which the microalgae 
grows with sunlight. Kurano et al. [2004] cultivated the microalage Chlorococcum littorale 
with this type of reactor and obtained biomass doubling every 2h at a temperature of 40oC. 
Sometime, this type of reactor is used with only 2 parallel glass plates in which the gas is fed 
like a bubbling column [Xue et al., 2011]. 
The airlift bioreactors are a group of 2 vertical concentric tubes [Barbosa, Janssen et al., 2003] 
in which the inside tube is perforated at the inlet and the oulet [Xu et al., 2002] or is shorter 
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than the outside tube [Barbosa et al., 2003; L. Xu et al., 2009]. This configuration must allow 
the microalgae to go up in the inlet tube and go down between the 2 tubes. Air is fed at the 
bottom of the reactor and makes the microalgae flow from the bottom to the top to avoid 
settling. 
A bubbling photobioreactor works similarly to an airlift photobioreactor. The bubbles are 
produced with a perforated flat plate in which air and CO2 form bubbles at the bottom of the 
reactor. Some of these reactors allowed obtaining interesting biomass yields. For example, 
Ranjbar et al. [2008] cultivated the microalgae Hoematococcus pluvialis in a bubbling air 
column of 1.1 L and obtained a biomass of 6.7 g/L after 33 days of culture (illumination at 
21.5 mol/m/s ; temperature of 20°C ; pH of 7.5 by adjusting the CO2 concentration). 
Stirred tanks are photobioreactors slightly used despite biomass productivity of 47.8 g/m2/day 
(in pseudo steady-state) for a configuration of bioreactor in series [Rusch et Christensen, 
2003]. The little interest for the type of reactor could be explained by the fact that some 
studies obtained low growth rates and/or low biomass concentrations. For example, using a 
stirred tank photobioreactor to cultivate the marine microalgae Dunaliella salina, Li et al. 
[2003] obtained a maximum growth rate and biomass concentration of 0.119 1/h and 0.55 g/L, 
respectively, after around 116h of culture (temperature of 29°C ; pH of around 7.4). 
Other configurations of dome shaped photobioreactor have been tested. For example, Sato et 
al. [2006] grew the microalgae Chlorococum littorale and reached a biomass concentration of 
2.5 g/L (temperature of 25°C; pH of 7.5; time of 288h). 
 Hybride culture 
As technical problems happened with both previous systems (costs, scaling up, contamination, 
biomass concentration, etc.), some researchers paired ponds and photobioreactors [Huntley et 
Redalje, 2008; Huntley et Redalje, 2007]. The first step is a photobioreactor in which the 
culture conditions are controlled to minimize the risks of contamination [Huntley et Redalje, 
2008]. The temperature is controlled with a water bath (16-18oC) [Huntley et Redalje, 2007]. 
Then, the microalgae are transferred into a pond until the harvesting with nutrient deprivation 
[Brennan et Owende, 2010]. 
 
 Fermentors 
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Fermentors are stirred reactors in which microalgae with heterotrophic metabolisms are 
grown. For this type of reactors, respective biomass concentrations and lipid content can reach 
116 g/L and 56% (g lipid/g biomass) [Wu et Shi, 2007]. On the other hand, a higher biomass 
concentration can be reached (until 150 g/L) without rheological problems [Wu et Shi, 2008]. 
According Cantin et al. [2010], a few companies such as Solazyme Inc. (South San Francisco, 
USA) and Fermenlg (Libourne, France) produced biodiesel within fermentors with organic 
carbon and without light. Solazyme Inc. affirmed that some of their biodiesels, SoladieselRD 
and SoladieselBD, could have a higher cetane number (74) or better cold properties than 
conventional biodiesel [Solazyme Inc., 2011]. However, no specification is given on the 
production capacity or the costs of the biodiesel produced. 
 Microalgae culture parameters 
As there are few projects of industrial scale for microalgae with heterotrophic metabolisms 
[Cantin, 2010] and the production costs are high [Wei et al., 2009], the present study will 
focus on the autotrophic culture metabolism. The main factors that influence the microalgae 
productivity are: 1) Inorganic carbon concentration 2) Energy light 3) Oxygen concentration 
4) Temperature 5) pH 6) Stirring. 
Inorganic carbon concentration 
Inorganic carbon (such as CO2) is the main source of carbon of autotrophic microalgae. 
Despite the fact that CO2 of surrounding air can be used for the microalgae growth, CO2 
concentration ranging from 2 to 15% (v/v) have been tested [Suh et Lee, 2003; Kitaya et al., 
2005]. Some microalgae species such as the strain ZY-1 (Chlorella) can stand high CO2 
concentrations (up to 70% (v/v)) [Yue et Chen, 2005]. According to our best knowledge of the 
literature, the optimal CO2 concentration is between 4 et 10% (v/v) [Kitaya et al., 2005; Yue et 
Chen, 2005]. 
Energy light intake 
One of the most important factors is the energy light intake which is an essential factor for the 
microalgae growth. In laboratory, the microalgae use an absorption spectrum between 400 to 
700 nm with an efficiency that depends on the photosynthetic efficiency [Suh et Lee, 2003]. 
As the sun is a free and an unlimited resource of energy, microalgae culture is performed 
outdoor. Consequently, the biomass productivity can be influenced depending of the time of 
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the year. For example, Blanco et al. [2007] cultivated the microalgae Muriellopsis sp. in open 
ponds (Isla de la Cartuja, Sevilla, Spain) and obtained a higher biomass productivity during 
the months of May, June and July (20 g/m3/day), while the lowest biomass productivity was 
obtained during the month of November (8 g/m3/day). 
  
Oxygen concentration (O2)  
Oxygen is a microalgae production by product, but the O2 concentration must not be too high 
because it has an inhibitory effect on the microalgae growth. Kitaya et al. [2005] increased the 
O2 concentration from 10 to 30% (v/v) during the growth of the microalgae Euglena gracilis 
and noticed that an increase of O2 concentration decreased the maximum specific growth rate 
from 0.45 to 0.14 h-1. 
 
Nutrients intake 
In laboratory, culture medium with water and mineral salts [Li et al., 2003; Wu et Shi, 2007; 
Ranjbar et al., 2008] were used. The main macronutrients are nitrogen, phosphorus, hydrogen, 
sulfur, calcium, magnesium, sodium and potassium [Suh et Lee, 2003]. A modification of the 
nutrients has different effects depending on the microalgae. The main macronutrients used for 
the lipid synthesis are carbon, hydrogen, oxygen, phosphorus and sulfur [Williams et Laurens, 
2010]. Carbon, oxygen and hydrogen are supplied by the transformation of CO2 and water as 
discussed above. 
The macronutrient that has the most important effect (except carbon, hydrogen and oxygen) is 
nitrogen. Some microalgae species are more sensitive to the type of nitrogen that increases 
their lipid content [Xu et al., 2001; Xin et al., 2010]. As an example, using different sources of 
nitrogen (ammonium nitrate, ammonium chloride and urea) at a concentration of 0.64 mmol-
N/L with the microalgae Ellipsoidion sp., Xu et al. [2001] obtained similar maximum growth 
rates (0.29±0.02 h-1), but with lipid contents of 28, 33 and 22% (g lipid/g dry biomass) for 
ammonium nitrate, ammonium chloride and urea, respectively. In comparison, an absence of 
nitrogen gave a maximum growth rate of 0.17 h-1 with a lipid content of 8% (g lipid/g dry 
biomass). In another study, nitrogen deprivation of a particular specie (NAVIC1) increased the 
lipid content from 22 to 58% (g lipid/g dry biomass) [Sheehan, Dunahay et al., 1998]. 
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Some studies showed that increasing the phosphorus concentration has a positive effect on 
biomass productivity but few effects on lipid productivity. For example, by increasing the 
phosphorus concentration from 0.1 to 2 mg/L in the culture medium of the microalgae 
Scenedesmus sp., Xin et al. [2010] obtained an increase of the biomass concentration from 
0.14 à 0.37 g/L, while the lipid concentration remained stable at 0.08±0.01 g/L. Consequently, 
for the range of phosphorus concentrations, the lipid content decreased from 53 to 24% (g 
lipid/g dry biomass).  
Despite the fact that sulfur is an essential nutrient, few studies have been performed, to our 
best knowledge of the literature in comparison to phosphorus or nitrogen. Giorgano et al. 
[2000] tested the effect of sulfur concentrations from 6 M to around 1.1 mM and obtained an 
increase of the maximum specific growth rate of the microalgae Dunaliella salina from 0.006 
to 0.02 1/h [Yang et al., 2004]. However, sulfur concentration can have an inhibitory effect on 
the microalgae growth for concentrations higher than 1.1 mM [Yang et al., 2004; Giordano et 
al., 2000]. 
Some microalgae species are also sensitive to salinity. For example, by using a culture 
medium with salinity from 1 to 3 wt%, Renaud et al. [1994] obtained an increase of the lipid 
content from 28 to 33% (g lipid/g dry biomass) for the microalgae Nannochloropsis oculata. 
On the other hand, for the algae Nitzschia (frustuluwn), a similar increase of the salinity had an 
opposite effect decreasing the lipid content from 33 to 29% (g lipid/g dry biomass). 
Some other micronutrients are also important such as iron, bore, manganese, copper, 
molybdenum, vanadium, cobalt, nickel, silica and selenium [Suh et Lee, 2003]. In order to 
decrease the production costs, some microalgae can be grown using wastewaters as a source of 
nutrients. Some species such as Chlamydomonas globosa, Chlorella minutissima or 
Scenedesmus bijuga can metabolize nitrogen, phosphorus, sulfur and metals (Al, Fe, Mn, Zn) 
[Wang et al., 2010; Chinnasamy et al., 2010].  
 
Temperature 
Despite the weather conditions, the optimal conditions of temperature must remain between 20 
and 30oC [Chisti, 2007; Brennan et Owende, 2010]. As the nutrient intake, the optimum 
temperature depends on the microalgae specie [Brennan et Owende, 2010]. For example, for 
the microalgae species Nannochloropsis sp., Tetraselmis sp., and Isochrysis sp., Abu-Rezq et 
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al. [1999] obtained maximum biomass yields with an ambient air CO2 concentration (0.035% 
v/v) at respective optimal temperature ranges of 19-21, 19-21 and 24-26oC. 
As the sun inevitably heat the culture medium, an external source of water must be provided to 
cool down the culture medium. For the microalgae cultivated in ponds, cooling down is 
mainly done by evaporation [Chisti, 2007]. As to the photobioreactors, cooling is performed 
with external input of water [Sierra et al., 2008; Briassoulis et al., 2010]. Consequently, the 
culture of microalgae requires a non-costly source of water (river, sea, groundwater, etc.) 
whatever the type of bioreactor used.  
pH 
The optimum pH varies as a function of the microalgae species. An increase of CO2 in the gas 
phase has the effect of decreasing the pH of the reaction medium, as CO2 produces carbonic 
acid in aqueous phase. Consequently, when microalgae consume CO2, there is an increase of 
pH [Suh et Lee, 2003]. Using sodium hydroxide (NaOH) or hydrochloric acid for the pH 
regulation and a temperature of 20oC, Bitaubé Pérez et al. [Bitaubé Pérez et al., 2008] 
obtained an optimal pH of the culture medium between 8 and 9 for a specific growth rate of 
7.2 1/h for the microalgue Phaeodactylum tricornutum. However, the optimum pH varies as a 
function of the microalgae. For example, by using microalgae strain ZY-1 (Chlorella sp.), Yue 
and Chen [2005] obtained an optimal pH of 5 for a biomass growth rate of 0.08 g/L/h. They 
also observed few variations of the optimal biomass growth rate for pH variations between 4 
and 6. 
Stirring  
Stirring is an important parameter, as the latter prevents the microalgae from settling. 
Moreover, stirring improves the light energy, the gas transfers and standardizes the 
temperature and the concentration of nutrients [Suh et Lee, 2003]. Stirring can be performed 
mechanically or pneumatically. Another study tried to demonstrate (without success) that the 
superficial gas velocity could harm the microalgae Dunaliella tertiolecta and Chlamydomonas 
reinhardtii wild-type [Barbosa, Albrecht et al., 2003]. However, according to this study, the 
superficial velocity (0.076 m/s) cannot explain, alone, the death of the microalgae. 
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1.4.4 Harvesting and drying methods 
Figure 1.3 presents the different methods of biodiesel production from microalgae. The 
different methods will be described in the following sections. When the microalgae are 
harvested, the water content may vary between 0.5 g/L for open systems for photoautotrophic 
microalgae [Carlsson et al., 2007] and 116 g/L for fermentors with heterotrophic microalgae 
[Wu et Shi, 2007]. In order to reduce the production costs, water must be reduced by using 
microsieve, filtration, centrifugation, flocculation (aluminium chloride, iron chloride (FeCl3), 
chitosan, etc.) or by sedimentation [Amin, 2009; Brennan et Owende, 2010]. Despite the fact 
that some authors mention flotation as a harvesting method, this method remains technically 
and economically limited, [Brennan et Owende, 2010]. Otherwise, the harvesting costs can 
represent between 20 to 30% of the total production costs.  
Some companies stated that they have made major breakthroughs for harvesting and 
dehydration of the microalgae. As an example, Algaeventure Inc. states that they can increase 
the microalgae solid content from 20 to 40 wt% of solid matter without forced drying by using 
a porous belt filtration system [Algaeventure Inc., 2011b]. This company affirms that their 
process could reduce up to 90% of the cost linked to microalgae harvesting [Algaeventure 
Inc., 2011a]. Evodos Inc. developed a harvesting process using a spiral plates technology 
(STP), which could concentrate the microalgae up to 32 wt% of solids, but few details are 
released [Evodos, 2010]. Other patents have been filed for membrane used to concentrate the 
microalgae biomass [Hu et al., 2010]. 
 Drying  
In order to increase the contact between the lipids and the solvent, microalgae are sometimes 
dried. Several techniques have been tested including freeze [Lee et al., 2010], oven drying 
[Cooney et al., 2009], spray [Lee et al., 2010] and vacuum dryings [Umdu et al., 2009; Li et 
al., 2007]. Furthermore, the techniques with low pressures (less than 10 kPa) such as freeze-
drying are often seen too costly at an industrial scale. These techniques allow performing 
direct transesterification because water reduces the FAME yield, as water hydrolyses the 
FAME [Johnson et Wen, 2009]. Some patents state that hot air, between 60 and 90oC, could 
be used to dry microalgae [Pandolfi et al., 2010]. On the other hand, drying microalgae at 
these temperatures for a long period of time could induce the degradation of some microalgae 
components such as the peroxydation of unsaturated lipids double bounds [Kates, 1986]. 
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Consequently, this type of drying is more appropriate for the microalgae applications where 
drying is essential such as gasification, pyrolysis or thermal oxidation. Drying from solar 
energy could be energetically interesting, but few studies to our best knowledge have tested 
this kind of drying, which could only be used during hot dry sunny days.  
 
 
Figure 1.3  Process diagram of a biodiesel production process with all possible extractions 
methods  
On the other hand, removing water from microalgae by evaporation imply higher costs as the 
lipid extraction process require 2.5 times more energy than a process without water removal 
[Lardon et al., 2009]. According to these authors, the biodiesel production process implying a 
drying step would mean a negative energy balance (-2.6 MJ/kg biodiesel) with 82 MJ/kg 
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biodiesel linked to the drying of the microalgae biomass. As the energy produced by the 
biodiesel is around 41 MJ/kg biodiesel [Miao et Wu, 2006], using drying techniques seems to 
be impossible for now. 
1.4.5 Lipid extraction methods 
Several factors influence the efficiency of a harvesting-extraction process such as the species 
of microalgae, the force exerted on the cell walls, the energy required to extract the lipids, the 
temperature, the nature and the type of solvents, etc. 
 Methods using solvents  
There are 2 main types of solvents used to extract lipids from microalgae: organic solvents and 
supercritical fluids. 
Organic solvents 
Extraction methods using chloroform have been known to extract and evaluate the total lipids 
for a long time [Folch et al., 1957]. The "Bligh and Dyer" method [Bligh et Dyer, 1959] using 
a blend of chloroform-methanol-water (1:1:0.5 v/v) is one of the most used methods to 
determine the total lipids in biological samples [Iverson et al., 2001]. This extraction method 
is used directly [Lewis et al., 2000] or with mechanical or thermal pre-treatments [Lee et al., 
2010] in order to extract the total lipids. 
The order of blending solvents (chloroform, methanol or water) with the microalgae biomass 
also has an influence on the extracted lipids yield [Lewis et al., 2000; Cooney et al., 2009]. As 
an example, Lewis et al., [2000] obtained a FAME yield that increased from 26 to 33% (g 
lipid/g dry biomass) by inverting water and chloroform in the sequence water-methanol-
chloroform. They explained this difference by the fact that a non-polar solvent added first 
could weaken the link between the lipids and the cell walls of the microalgae.  
Nevertheless, using chloroform is risky because this solvent could have carcinogenic effects 
on the human being [U.S. Environmental Protection Agency, 2011]. With fewer toxic effects, 
hexane is sometimes preferred to chloroform [Halim et al., 2010]. However, because of the 
non-polar nature of hexane, the lipid yields are lower, since microalgae often have a high 
content in more polar lipids such as glycolipids and phospholipids [Williams et Laurens, 
2010]. Moreover, using toxic organic solvents to extract lipids (chloroform, hexane, etc.) 
prevents or makes more difficult the valorization of the microalgae for food purposes. For 
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microalgae lipid extraction, some studies have attempted to replace the chloroform-methanol 
extraction (2:1, v/v) by different blends such as hexane-isopropanol (3:2, v/v), dichloroethane-
methanol (1:1, v/v), dichloroethane-ethanol (1:1, v/v) and acetone-dichloromethane (1:1, v/v), 
but the lipid yield obtained was significantly lower [Lee et al., 1998]. 
Samorì et al. [2010] used polar solvents such as ethanol, octanol or 1,8-diazabicyclo-[5,4,0]-
undec-7-ene (DBU). In this study, despite the fact that the lipid yield obtained was almost 
twice higher (16 g lipid/g dry biomass), the biodiesel yield was 5 times lower (0.65% g 
biodiesel/dry biomass) than for hexane extraction. A patent describes a process for proteins 
and sugar extraction from microalgae in aqueous phase using organic solvents (acetone, 
methanol, ethanol, isopropanol, methyl ethyl ketone, dimethylether or propionic aldehyde) 
which make the lipid extraction easier [Fleischer et al., 2011]. This process includes: 1) 
Centrifugation of the aqueous microalgae 2) Blending the microalgae with an organic solvent 
3) Centrifugation of the organic solvent/humid microalgae blend 4) Heating the organic 
solvent/humid microalgae blend 5) Organic solvent separation 6) Evaporation of the organic 
solvent 7) Separation of the lipids from the aqueous phase. On the other hand, the heating 
phase includes high temperatures (50 to 150°C) and pressures (0.5 to 3 MPa), which 
considerably increase the extraction costs. However, in this patent, no yields were specified. 
Supercritical carbon dioxide 
As some organic solvents imply risks to human health, CO2 supercritical extraction was 
considered to recover lipids from microalgae such as polyunsaturated fatty acids for food and 
pharmaceutical purposes [Andrich et al., 2005; Andrich et al., 2006; Sajilata et al., 2008; 
Mendes et al., 2003] and for biodiesel [Aresta et al., 2005; Halim et al., 2010]. Otherwise, a 
patent describing a process using supercritical CO2 to extract lipids from microalgae to 
produce biodiesel was filed by the China Green Oil Co LTD. (Hong Kong, Chine) [Yongli et 
al., 2010]. Several companies still hesitate to use supercritical extraction to industrial scale 
based on the high investment costs [Perrut, 2000] and the high pressures required [Tan et Lee, 
2011; Halim et al., 2010; Andrich et al., 2005]. Still, some studies indicate that this 
technology has a high potential to extract lipids from microalgae, even when the later are still 
wet [Halim et al., 2010]. Using supercritical CO2 to extract lipids from the microalgae 
Nannochloropsis sp., Andrich et al. [2005] obtained a lipid yield of 26% (g lipid/g dry 
biomass) at a temperature of 40oC and a pressure of 70 MPa. 
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 Physicochemical methods 
Organic solvents 
As the microalgae cell wall is a barrier to lipid extraction, the use physicochemical methods to 
increase the lipid content and the biodiesel obtained. Tableaux 1.1 and 1.2 present the lipid 
and the biodiesel yields, respectively for different microalgae lipid extraction studies. Among 
the pre-treatments used, the main methods are microwaves, ultra-sounds, bead-beating, freeze-
drying, homogenization, French press, crushing, autoclave and osmotic shock. Other 
researchers own a patent for a cavitation system implying pressures from 0.3-30 MPa allowing 
the microalgae cell walls to break up even if no extraction yield was precised in the patent 
filed [Gordon et al., 2010; Larach, 2010]. 
Some pre-treatments such as microwave and bead-beating seem to be effective to increase the 
lipids extracted from microalgae when the latter is in aqueous phase [Lee et al., 1998; J. Lee et 
al., 2010]. As an example, after a pre-treatment by bead beating of the microalgae 
Botryococcus braunii UTEX 572 in aqueous phase, Lee et al. [1998] obtained an increase of 
the lipids extracted from 14 (without pre-treatment) to 29% (g lipid/g dry biomass) (bead 
beating). At last, the company Solazyme Inc. (South San Francisco, USA) owns a patent for a 
process based on lysis of microalgae cell walls and the use of an organic solvent for the lipid 
separation [Dillon et al., 2010]. For example, the patent mentioned a cell lysis with heating at 
temperatures ranging from 50 to 130oC, the addition of a strong alkali such as potassium 
hydroxide (KOH) and NaOH, a strong acid such as sulfuric acid (H2SO4), a mechanic lysis 
(1500 bar with a shrinkage), an osmotic shock, the use of ultrasounds and a pressure 
oscillation. Among others, they used KOH and the H2SO4 concentrations that varied from 0 to 
160 mN with temperatures ranging from 25 to 130oC. Furthermore, Dillon et al. [2010] also 
used several surfactants such as NINOL© 201 (Oleamide DEA from Stepan Company) to 
extract lipids of the heterotrophic microalgae Phlorella protothecoides at a temperature of 
55oC for 5h and obtained a lipid yields up to 92% (based on the theoretical mass of lipids). 
Lyophilisation is mainly used in studies focusing on solvent extraction in order to obtain a 
better contact between a non-polar solvent and the lipids. Other studies tried to show that 
lyophilisation could break the cell walls of the microalgae and increase the lipid yield. For 
example, Lewis et al. [2000] obtained an increase of the lipid yield extracted from the 
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microalgae Botryococcus braunii UTEX 572 from 14 to 19% (g lipid/g dry biomass) after 
lyophilisation. 
Some techniques useful with solvents extraction allowed to increase the amount of lipids 
extracted. As an example, using ultrasounds on a blend of chloroform-methanol (3:1, v/v), the 
lipid yield obtained from the microalgae Scenedesmus sp. was increased from 2 to 6% (g 
lipid/g dry biomass) compared with no treatment [Ranjan et al., 2010]. However, another 
study used ultrasounds and observed no significant effect on the lipid yield with a blend of 
chloroform-methanol-water (1:2:0.8, v/v) for a heterotrophic microalgae (strains ACEM 6063 
and ACEM A) [Lewis et al., 2000]. 
In spite of the fact there are few studies using electric energy to extract lipids from microalgae, 
some patents affirm that this technique could be used to reduce the microalgae extraction cost. 
As an example, Diversified Technologies, Inc. (Bedford, MA, USA) stated that their 
technology of pulsed electric field (PEF) could reduce the extraction costs from 0.46 US$/L 
oil for a conventional drying to 0.03 US$/L oil [Kempkes et al., 2011].  
Solvent free and ionic liquid extraction 
In order to eliminate some steps in the lipid recovery, a separation of lipids in aqueous phase 
could be performed based on the difference of specific gravities and solubilities of both lipids 
and water. The main advantage of the lipid extraction in aqueous phase is to allow the 
valorization of residual biomass in agriculture. To our best knowledge of the literature, no 
studies have demonstrated the feasibility of this type of extraction for microalgae lipids. On 
the other hand, a patent from Solazyme Inc. (South San Francisco, USA) affirms that it is 
possible to recover lipids directly in aqueous phase following a cell wall lyses due to heating 
(higher than ambient temperature) and an acid pre-treatment, and then a recovery of lysate 
with a decrease of the temperature (20oC, 24h) and a centrifugation (4400 rpm) [Dillon et al., 
2010]. Moreover, they also noticed that the size of the emulsion increased from 0 to 30% 
when the temperature increased from 25 to 130oC. Even if they stated that a small amount of 
organic solvent (as small as 5% (v/v)) could be used, the patent does not give the lipids 
extraction yield. In the same order of idea, other researchers filed for a patent of a process 
using acid hydrolysis (using H2SO4) of microalgae (100
oC, 200 kPa) in aqueous phase 
including mechanical and chemical techniques in order to hydrolyze the lipids into free fatty 
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acids (FFAs) and they esterified the FFAs in aqueous phase with methanol and H2SO4 
[Machacek et Smith, 2009]. The problem with this kind of technique is that the excess of 
water could give really low lipids (triglycerides, FFAs and others) conversions because water 
favors the reverse reaction (hydrolysis) [Di Serio et al., 2005; Y. Liu et al., 2006].  
The company Alfa Laval Lund AB (Lund, Sweden) filed for a patent for a centrifugation 
separator with disks, which is operated using a centrifuge force between 4500 and 5000 g that 
allows separating oil and microalgae in aqueous phase [Wase et al., 2010].  
Following the pre-treatments mentioned previously, ionic liquids could be used to recover 
lipids [Kuehnle et Nolasco, 2011; Di Salvo et al., 2011]. As an example, a patent described a 
separation process using ionic solvents such as hydronium (H3O
+), ammonium (NH4
+), 
alkylammonium, imidazolium and heterocycles (cycle of carbon with another element in the 
cycle) [Kuehnle et Nolasco, 2011]. The ionic solvent is then recovered with an antisolvent 
such as inorganic salts (like calcium chloride (CaCl2)). However, the process allows 
recovering at least 80% of the ionic liquid, which might predict problems with the recovery of 
the ionic liquid. Moreover, the antisolvent has to be immiscible with the lipids. 
Other patents reported the use of resins for the recovery of microalgae lipids. For example, 
Poenie et al. [2010] filed a patent concerning a technique that extracts lipid from the 
microalgae Chlorella sp. using resins (CHLOR 13A, NANN 13A, CHLOR 14B, CHLOR 
JB21, NANN JB21). The types of resins in this patent are made from polymers such as 
polystyrene, polyethylene, etc.. After the saturation of the resin exchange column, water is 
evaporated using, for example, air streams. Then, an eluent, an alcohol such as methanol 
containing an acid (H2SO4) or an alkali (NaOH, KOH, sodium ethoxide (C2H5ONa), 
potassium methoxide (KCH3O)), is fed to the column to recover microalgae lipids. 
Other researchers have developed processes for breaking the microalgae cell walls by 
mechanical techniques. For example, Thomas et al. [2009] own a patent for a vertical ram type 
extractor which involves a mass of 5.6 kg dropped with a final velocity of 8 m/s in order to 
break the microalgae cell walls. Echevaría Parres et al. [2010] filed a patent in which the 
microalgae are dragged into a turbine and then crushed between a rotor and a stator. Zeiler et 
al. [2009] filed a patent for a laser USP producing ultraviolet of short wavelength (less than 
400 nm) able to break the microalgae cell walls. On the other hand, most of these patents 
practically did not report any lipids yield. 
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 Biochemical methods 
In order to break the link between lipids and microalgae, biological pre-treatments can be 
used. As an example, using a hydrolysis pre-treatment of the microalgae cell wall with 
cellulase, Fu et al. [2010] obtained an increase of 70% of the microalgae cell wall hydrolysis 
(measured by monosaccharides analysis) despite the fact that the lipid yield increased only 
from 52 to 53% (g lipid/g dry biomass). The second problem is that hydrolysis is performed in 
water phase and lipids must be extracted. In order to break the microalgae cell wall, the 
company Solazyme Inc. (South San Francisco, USA) filed for a patent which mentions using 
enzymes such as hemicellulases, pectinases, cellulases and driselases, and also infections of 
microalgae by viruses (ex. paramexium bursaria Chlorella virus) and autolysis (expression of 
a lysis gene) in order to degrade the microalgae cell walls [Dillon et al., 2010]. Another patent 
was filed using autolysis [El-Shafie, 2011] or enzymes [Weaver et al., 2005] to break the 
microorganism cell walls of microalgae and recover the lipids with, among others, an organic 
solvent.  
1.4.6 Lipid purification 
When the lipids are extracted, they contain various lipids, which result to a lower biodiesel 
yield during transesterification rather than the triglycerides whose yield can reach near 100% 
[Koberg et al., 2011a]. As an example, Nagle and Lemke [1990] have determined that 
biodiesel yield  for phospholipids  and  glycolipids  could  not  reach  more than 65 and  56% 
(g FAME/g lipid), respectively. These are important data because microalgae can contain up 
to 93 wt% of these 2 components [Williams et Laurens, 2010]. Furthermore, a study shows 
that microalgae could contain also added-value compounds such as chlorophyll and 
carotenoids [Bai et al., 2011]. 
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Tableau 1.1  Studies using physico-chemical pretreatment on lipid extraction and on the FAME yield 
Microalgae specie Initial state Pretreatment  Parameters Solvents Max lipid yield 
(% g lipid/g dry 
biomass) 
FAME yield 
(% g FAME /g dry 
biomass) 
Reference 
Botryococcus sp.  
 
Freeze-dried None None Water-
chloroform-
methanol 
(2:1:1 v/v/v) 
 
7.7 1.2 [J. Lee et al., 
2010]  
 
Autoclave 125 oC – 1.5 MPa 12 
Bead beating 0.1 mm-2800 rpm 28 
Microwaves 100oC-2450MHz – 5 min 29 
Ultrasounds 10 kHz-5 min 8.5 
Osmotic shock Sodium chloride (NaCl) 
10% (m/v)-vortex (1min)-
48 h 
11 
Chlorella vulgaris 
 
None None 5.1 2.9 
Autoclave 125 oC – 1.5 MPa 9.6 
Bead beating 0.1 mm-2800 rpm 7.9 
Microwaves 100oC-2450 MHz - 5min 9.8 
Ultrasounds 10 kHz-5 min 5.9 
Osmotic shock NaCl 10% (m/v)-vortex 
(1min) - 48 h 
8.0 
Scenedesmus sp. None None 1.8 1.9 
Autoclave 125 oC – 1.5 MPa 5.5 
Bead beating 0.1 mm-2800 rpm 8.3 
Microwaves 100oC-2450 MHz - 5min 10 
Ultrasounds 10 kHz-5 min 
 
7.3 
Osmotic shock NaCl 10% (m/v) - vortex 
(1min) - 48 h 
6.8 
Botryococcus 
braunii UTEX 572 
Refrigerated 
(4oC) 
Aucun None Chloroform-
methanol 
(2:1 v/v) 
 
14 Unspecified [Lee et al., 
1998]  Ultrasounds   1 min 16 
Homogeneisation 1 min 15 
French press 170 atm 23 
Lyophilization Non specified 19 
Bead beating 1 min - 1mm 29 
Hexane-
isopropanol 
(3:2 v/v) 
20 
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Dichloroetha
ne : methanol 
(1:1 v/v)  
 
19 
Dichloroetha
ne : ethanol 
(1:1 v/v)  
19 
Acetone : 
dichlorometh
ane (1:1 v/v)  
18 
Scenedesmus sp. 
 
Oven dried at 
45oC (4-5 
days) 
No No Soxhlet with 
n-hexane  
0.70 Unspecified [Ranjan et al., 
2010]  Ultrasounds 
 
100 W - 30 min 0.80 
None None Chloroforme-
méthanol-eau 
(3:1:1.2 
v/v/v) 
2.0 
Ultrasounds 
(Chloroform-
methanol) 
100 W - 30 min 6.0 
Phaeodactylum 
tricornutum 
Freezed Extraction time 1st extraction : 600 min  Ethanol-
Water-
hexane (1.6 : 
1.9:1 v/v/v) 
5.0  Unspecified [Fajardo et al., 
2007]  1st extraction : 600 min  
2nd extraction : 90 min 
6.2 
1st extraction : 600 min  
2nd extraction : 90 min 
3rd extraction : 80 min 
Hexane (4 x 
32 mL) 
6.3 
Botryococcus 
braunii 
Refrigerated 
 
 
None None Hexane and 
methanol: 
chloroforme  
(1:1 v/v) 
37 Unspecified [Kita et al., 
2010]  
Temperature (10 min) 75 oC  Hexane 0.15 
80 oC  1.2 
85 oC  32 
90 oC  36 
120 oC 36 
Botryococcus 
braunii  
Freeze-dried None None Hexane  
Chloform- 
methanol  
(2:1 v/v) 
8.0 2.7 
 
[Samorì et al., 
2010]  
3 ml 1,8- 15 0.54 
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diazabicyclo-
[5,4,0]-
undec-7-ene 
(DBU) 
 
DBU-ethanol 
(1:0.39 v/v)  
16 0.65 
2 mL 
DBU/octanol 
(1:1 v/v) 
13 0.59 
Fresh 
 
 
Centrifugation 
 
 
300 rpm - 2h 3 mL octanol  1.2 Unspecified 
300 rpm - 24h 4.3 
3000 rpm - 4h 4.3 
300 rpm - 2h 3 mL n-
hexane 
 
0.64 
300 rpm - 24h 5.6 
3000 rpm - 4h 5.1 
300 rpm - 2h 2 mL 
DBU/octanol 
(1:1 v/v) 
2.4 
300 rpm - 24h 8.2 
3000 rpm - 4h 6.9 
Nannocloropsis sp. Freeze-dried None 40oC - 70 MPa Supercritical 
CO2  
26 Unspecified [Andrich et 
al., 2005]  40oC - 55 MPa 25 
40oC - 40 MPa 24 
55oC - 70 MPa 26 
55oC - 70 MPa 25 
55oC - 70 MPa 25 
Soxhlet  Hexane  24 
Chlorococcum sp. Oven dried 
(85oC)  for 16h 
et ground 
None Stirring Hexane-
isopropanol 
(3:2, v/v) 
4.8 Unspecified [Halim et al., 
2010]  
Agitation Hexane 1.5 
Soxhlet  (5.5 h) 3.2 
Soxhlet  (7.5 h) 5.7 
80oC - 30 MPa Supercritical 
CO2 
4.8 1.5 
60oC - 30 MPa 5.8 1.4 
60oC - 40 MPa 5.9 Unspecified 
60oC - 50 MPa 6.0 
Fresh 60oC - 30 MPa 7.1 
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Tableau 1.2  Physicochemical pretreatments effect on the FAME yield for several studies 
Microalgae Initial state Pretreatement  Parameters Solvent  FAME yield 
(% g FAME/ g dry) 
Reference 
 
Nannochloropsis 
 
Fresh 
 
 
Oven dried and ground 
 
Extraction time: 20h 
 
Chloroform-methanol-water 
(1:2:0.8 v/v/v) 
 
 
21.5±4.3 
 
[Cooney et al., 2009]  
Oven dried and ground Extraction time: 2h 21.3±2.3 
Oven dried Extraction time: 2h 14.8±6.8 
Oven dried and freezed 
with liquid nitrogen  
Extraction time: 2h 20.1±0.5 
Oven dried and freezed 
with dry ice 
Extraction time: 2h 18.7±3.2 
Oven dried and ground Extraction time: 2h Water-methanol-chloroform- 
(0.8:2:1 v/v/v) 
18.5±0.5 
None None 16.4± 2.1 
Chlorella 
prototheocoïdes 
 
 
None No Water-methanol-chloroform-- 
(0.8:2:1 v/v/v) 
18.5±0.5 
Fresh Oven dried  Chloroform-methanol-water 
(1:2:0.8 v/v/v) 
21±1.2 
Strain ACEM 
6063 
 
Freeze-dried None None Water-methanol-chloroform- 
(0.8:2:1 v/v/v) 
25.9 [Lewis et al., 2000]  
Ultrasounds in the solvent 100 W - 2x1 min 26.3 
Aucun Aucun Chloroform-methanol-water 
(1:2:0.8 v/v/v) 
35 
Ultrasounds in the solvent 100 W - 2x1 min 34.3 
None None Chloroform-methanol-water 
(1:4:0.8 v/v/v) 
33.2 
Ultrasounds in the solvent 100 W - 2x1 min Chloroform-methanol-water 
(1:4:0.8 v/v/v) 
34.6 
Crypthecodinium 
cohnii 
Freeze-dried Ground No details Bligh and Dyer 19.9 [Couto et al., 2010]  
Ground and supercritical 
CO2  
 
 
20 MPa - 313 K n-Hexane 6.9 
25 MPa - 313 K 6.3 
30 MPa - 313 K 5.7 
20 MPa - 323 K 5.6 
25 MPa - 323 K 7.1 
30 MPa - 323 K 8.6 
 
Scenedesmus 
obliquus 
 
 
Lyophilized 
Pulverization 
with mortar 
None None Dichloromethane-methanol (2:1) 
 
17 [Wiltshire et al., 
2000]  
 
Quartz sand – 0.2 g (10-30 mm) 
 
Ultrasounds - 35 kHz, 80 W, -4oC, 90 min 
33.5 
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Chlorella sp. Freeze-dried None None 6.5 mg EMIM-methanol (1.2:1 
w/w) 
38 [Young et al., 2010]  
Duniella sp. 1-ethyl-3-methyl 
imidazolium methyl 
sulfate (EMIM) and a co-
solvent 
 
65oC -18h - Stirring – 
Molar excess of co-solvent 
of 10 compared to EMIM 
 
 
8.6 
6.5 mg EMIM-Dimethyl 
Sulfoxide 
6.0 
6.5 mg EMIM-acetic acid 5.6 
6.5 mg EMIM-methanol 7.9 
6.5 mg EMIM-acetone 9.2 
6.5 mg EMIM-chloroform 8.4 
6.5 mg EMIM- isopropyl alcohol  8.5 
Chlorella sp. 
 
Enzymatic hydrolysis 
Solution 20 g dry/L 
Immobilized 
polyacrylonitrile cellulase 
Hexane (28oC, 1-6 h) 53 
 
[Fu et al., 2010]  
None None 52 
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According to our best knowledge of the literature, few lab scale studies have separated the 
different classes of lipids present in the microalgae in order to recover the triglycerides. 
However, Lin et al. [2010] filed a patent for a process allows to isolate selectively some 
components of microalgae. The process in batch mode could be described as follows: After an 
extraction and a recovery of lipids with an organic solvent, the organic phase is blended with a 
mesoporous solid (nanoparticles of mesoporous carbon, activated carbon, nanoparticles of 
mesoporous silicon (MSN) or silicium gel) and filtration allows to separate the organic phase. 
For example, using MSN, the process allows to recover 90 wt% of the fatty acid oleate 
(C18:1) from the microalgae Neocloris sp. lipids. 
1.4.7 Direct transesterification 
Direct transesterification is a process in which the lipids are simultaneously extracted and 
transesterified from the microalgae cell walls. Direct transesterification is often used for 
heterotrophic microalgae [Lewis et al., 2000; M. B. Johnson et Wen, 2009; P. Li et al., 2011]. 
Some authors obtained higher biodiesel yields using direct transesterification than extraction 
followed by transesterification [Johnson et Wen, 2009; Koberg et al., 2011a]. This process 
could have the advantage to reduce the amount of solvent used to transesterify the lipids that 
could never be extracted. However, most of these studies used an organic co-solvent (hexane, 
chloroform, etc.) during the direct transesterification in order to increase the biodiesel yield 
[M. B. Johnson et Wen, 2009; Koberg et al., 2011a]. For example, using a homogeneous acid 
catalyst (H2SO4) with methanol, Johnson and Wen [2009] transformed lipids of the microalgae 
Schizochytrium limacinum into biodiesel with and without a co-solvent (hexane). After 40 min 
of reaction at a temperature of 90oC, they respectively obtained biodiesel yields of 66 and 7% 
(g biodiesel/g dry biomass). Then, some studies compared hexane and chloroform as a co-
solvent and found out that these 2 co-solvents had similar biodiesel yields [Johnson et Wen, 
2009; Li et al., 2011].  
In order to increase the biodiesel yield, some studies tested direct transesterification with 
physicochemical methods such as microwaves and ultrasounds. For example, replacing 
traditional heating by microwave heating, Koberg et al. [2011a] performed a 
transesterification with strontium oxide (SrO) as a catalyst and obtained an increase of the 
biodiesel yield from 7 to 37% (g biodiesel /g dry biomass). Despite the advantage of direct 
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transesterification, the energetic costs by the mandatory drying of the microalgae make this 
technique to be difficult to be used at an industrial scale [Lardon et al., 2009]. 
1.4.8 Transesterification 
 Reaction 
Vegetables oils or microalgae lipids cannot be used directly in diesel engines as their viscosity 
is relatively high (28-40 mm2 /s) which causes formation of coke deposits in the engine and 
the injectors [Knothe, 2010]. Furthermore, using vegetable crude oils can have negative 
effects on the biofuel combustion. For example, Altin et al. [2001], tested the behavior of 
colza oil at a revolution velocity of 1300 rpm. Despite the fact that they obtained a similar 
power (97%) compared to petrodiesel, they noticed an increase of a) the fuel consumption 
from 246 to 288 g/kWh, b) the CO concentration from 2225 to 4000 ppmv and c) the fumes 
density (particular matter) from 29 to 49%. Transesterification of lipids allows reducing oil 
viscosity to a level similar to petrodiesel [Knothe, 2010]. Despite the fact that most studies 
consider only a reaction between an oil (triglycerides) and an alcohol, biodiesel can be 
produced from several classes of lipids including glycolipids, phospholipids, FFAs, etc.  
Tableau 1.3 presents FAME yields and experimental conditions of transesterification 
microalgae lipids into biodiesel. According to Tableau 1.3, the biodiesel yields (FAME) and 
the transesterification methods vary. The microalgae Chlorella pyrenoidosa cultivated in 
heterotrophic conditions resulted in the highest FAME yield (52% (g FAME/g dry biomass)), 
which represents a FAME yield of 93% (g FAME/g lipid). Some studies mention biodiesel 
yields (compared to lipid) of 98% (g FAME/g lipid) by using diverse heterotrophic 
metabolism microalgae [Xiong et al., 2008; X. Li et al., 2007], which can be compared to the 
yields obtained with vegetables oil transesterification [Leung et al., 2010]. 
  
35 
 
Tableau 1.3 Studies on biodiesel production from microalgae and the yield obtained  
Microalgae specie Catalyst Reaction 
time (min) 
Temperature 
(oC) 
Quantitative 
analysis  
Biodiesel yield  
(% g FAME/g 
lipid) 
Biodiesel 
yield 
(% g FAME/ 
g dry) 
Reference 
 
Chlorococcum sp. 
 
H2SO4/ KCH3O 
 
120/120 
 
50/55 
 
Gas 
chromatography 
(GC) 
 
44 
 
 
1.5 
 
[Halim et al., 2010]  
Nochlorropsis Strontium oxide 
(SrO) 
2 60 1H NMR 
Spectroscopy 
99.9 37.1 [Koberg et al., 2011a]  
Schizochytrium 
limacinum 
H2SO4 40 90 GC 73 42 [Johnson et Wen, 2009]  
Chlorella mulleri HCl 6 70 Thin layer 
chromatography 
(Iatroscan) 
68 Unspecified [Nagle et Lemke, 1990]  
NaOH 1.3 
Chlorella 
protothecoides 
H2SO4 Unspecified Unspecified Elemental 
analyzer CE-440  
68 37.4 [Miao et Wu, 2006]  
Botrycoccus sp. KOH/HCl 10/10 75 GC 4.2 1.2 [Lee et al., 2010]  
Chlorella vulgaris 
 
29.6 2.9 
Scenedesmus sp. 19.8 1.9 
Microheterotrophs 
(strains 
ACEM 6063) 
 
HCl 60 90 GC Unspecified 41.3 [Lewis et al., 2000]  
Botryococcus braunii NaOH/Bore 
trifluoride (BF3) 
10/2 Reflux GC 21.6 2.7 [Samorì et al., 2010]  
Nannochloropsis HCl Unspecified Unspecified GC and 1H NMR 
spectroscopy 
Unspecified 8.4 [Cooney et al., 2009]  
Nannochloropsis H2SO4 6.6 
Chlorella 
protothecoides 
HCl 36.6 
Chlorella 
protothecoides 
Acetyl chloride 56 
Crypthecodinium 
cohnii 
Acetyl chloride 60 80 GC Unspecified 19.9 [Couto et al., 2010]  
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Scenedesmus 
obliquus 
 
H2SO4 240 70 GC Unspecified 33.5 [Wiltshire et al., 2000]  
 
Chlorella sp. 
 
BF3 15 100 GC Unspecified 53 [Fu et al., 2010]  
Botryococcus braunii HCl 60 90 GC Unspecified 5.5 [Tran et al., 2009]  
Acethyl Chloride 60 100 12.1 
Synechocystis sp. HCl 60 90 7.3 
Acetyl Chloride 60 100 6.0 
Nochlorropsis 
occulata 
Calcium oxide 
(CaO)/Aluminium 
oxide (Al2O3) 
240 50 GC 23 Unspecified  [Umdu et al., 2009]  
CaO/Al2O3 16 
Chlorella 
pyrenoidosa 
H2SO4 120 90 GC 93 52 [Li et al., 2011]  
Chlorella  
protothecoides 
Candida sp. 720 Unspecified GC 98 Unspecified [Li et al., 2007]  
Chlorella  
protothecoides 
Lipase 
(Triacylglycerol 
acylhydrolase) 
720 38 GC 98 Unspecified [Xiong et al., 2008]  
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 Alcohol 
The most used alcohol for transesterification is methanol because of its lower cost [Chisti, 
2007], but other alcohols such as ethanol, propanol and butanol can produce similar biodiesel 
yields [Hanh et al., 2009; Stavarache et al., 2005]. Some studies have tested the effect of the 
methanol-triglyceride molar ratio (between 56:1 and 524:1) for different microalgae on the 
density of the biodiesel produced [Ehimen et al., 2010; Miao et Wu, 2006]. For example, by 
transforming the triglycerides of the microalgae Chlorella sp. into FAME for 8h at a reaction 
temperature of 25oC and increasing the methanol-triglycerides molar ratio from 105:1 to 
524:1, Ehimen et al. [2010] observed a decrease of the density of the biodiesel produced from 
889 to 886 kg/m3. On the other hand, the authors did not specify if this decrease was 
significant. Methanol-triglyceride molar ratio also has an impact on the biodiesel yield 
because a molar excess of the alcohol (methanol) reduces the reverse reaction and shifts the 
equilibrium of FAME production [Gao et al., 2008]. Performing an acid transesterification 
(H2SO4) of triglycerides of the microalgae Chlorella protothecoïdes at 50
oC for 4h, Miao and 
Wu [2006] varied the methanol-triglycerides molar ratio from 25:1 to 84:1 and obtained an 
optimum methanol-triglycerides molar ratio at 45:1 for a FAME yield of 69% (g FAME/g 
triglycerides). The molar ratios methanol-triglycerides used for the microalgae lipids 
transesterification are generally higher than in case of vegetable oils which is usually around 
6:1 [Marchetti et al., 2007] (the stoichiometric molar ratio is 3:1 [Berriosa et Skelton, 2008]). 
 Reaction time 
Generally, increasing the reaction time of transesterification has a positive influence on the 
FAME yield. As an example, using an homogeneous enzymatic transesterification of the 
microalgae Chlorella pyrenidosa lipids at a temperature of 90oC, Li et al. [2011] obtained a 
FAME yield ranging from 52 to 94% (g FAME/g lipid) following an increase of the reaction 
time from 0.5 to 2h. Reaction time has an influence on the density of the biodiesel. As an 
example, using an homogeneous acid catalyst (H2SO4), a stirring rate of 160 rpm, a molar ratio 
methanol-triglycerides of 56:1, Miao and Wu [2006] observed a decrease of the density of the 
biodiesel produced from 0.919 to 0.864 kg/m3 for respective reaction times of 0 and 4h. 
 Homogeneous catalysis 
Despite the fact that homogeneous alkali catalysis using NaOH is widely used for vegetable 
oils transesterification (because 4000 times faster than homogeneous acid catalysis), 
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homogeneous alkali transesterification is rarely used for microalgae lipid transesterification. 
This catalyst gives a biodiesel yield 50 times lower than a homogeneous acid catalyst (like 
HCl) [Nagle et Lemke, 1990]. Sometimes, homogeneous alkali catalysts such as KCH3O or 
NaOH are coupled to acid transesterification [Halim et al., 2010; Samorì et al., 2010; J. Lee et 
al., 2010]. 
As shown in Tableau 1.4, homogeneous acid catalysts are mostly used in the 
transesterification of microalgae lipids. The main catalysts are HCl [Miao et Wu, 2006; 
Cooney et al., 2009], H2SO4 [Johnson et Wen, 2009; Cooney et al., 2009], acetyl chloride 
(CH3COCl) [Couto et al., 2010; Cooney et al., 2009] and bore trifluoride (BF3) [Fu et al., 
2010; Samorì et al., 2010]. Some studies have shown that CH3COCl in methanol (5% v/v) is 
the catalyst which resulted in the highest FAME yield of 56% (g FAME/g dry biomass) for the 
heterotrophic microalgae Chlorella protothecoides compared to a yield of 37% (g FAME/g 
dry biomass) for HCl [Cooney et al., 2009]. Catalyst concentration also has an effect on the 
transesterification yield of microalgae lipids. As an example, using 4 concentrations of H2SO4 
in methanol (0.56, 1.13, 1.35 and 2.25 mol/L), a temperature of 30oC and a reaction time of 
5h, Miao and Wu [2006] mentioned that a catalyst concentration in methanol of 2.25 mol/L 
produces biodiesel with the lowest density (863 kg/m3) but with the lowest FAME yield at 
38% (g FAME/g dry biomass). 
Finally, other techniques which do imply the use of catalysts with supercritical solvents such 
as methanol were tested, but the costs of this technology are relatively high [Tan et Lee, 
2011]. To our best knowledge of the literature, this technique has not been tested on 
microalgae lipids. 
 Heterogeneous catalysis 
In order to reduce the amount of chemicals used, some studies consider using heterogeneous 
catalysts (solids). Moreover, these catalysts have no sensitivity to water and can potentially be 
reused [Helwani et al., 2009a]. As for homogeneous catalysts, there are heterogeneous alkali 
and acid catalysts.  
 
Alkali 
Microalgae lipids have been transformed into biodiesel by using heterogeneous alkali catalysts 
such as calcium oxide (CaO) [Umdu et al., 2009], strontium oxide (SrO) [Koberg et al., 
  
39 
 
2011a] and mixed magnesium-zircone oxides [Li et al., 2011]. Some of these catalysts led to 
high biodiesel yields. As an example, performing a direct transesterification with a 
heterogeneous catalyst of SrO, Koberg et al. [2011a] achieved a conversion of 100% of 
Nannochloropsis sp. microalgae triglycerides.  
Tableau 1.4 presents the results of studies for vegetable oil using methanol (as an alcohol) and 
heterogeneous catalysts.  
Acid 
Few studies have used acid heterogeneous catalysts to transform microalgae lipid into 
biodiesel. As an example, Carrero et al. [2011] compared 2 types of zeolites ( and ZSM-5) to 
transform microalgae (Nannochloropsis gaditana) lipids of into biodiesel. However, at a 
temperature of 115oC (without specified reaction time, methanol-lipid ratio or catalyst to oil 
ratio) under reflux, they obtained a FAME content of 25% (g FAME/g lipid) compared to 90% 
(g FAME/g lipid) with H2SO4 under the same reaction conditions. 
As shown in Tableau 1.4, the most used heterogeneous acid catalysts used in 
transesterification studies are zeolites, heteropoly acids, fonctionnalized (sulfate and tungsten) 
silica or zirconia, ion-exchanging resins, organo-sulfated acids (sulfonic, sulfonates and 
sulfonamides) functionalized silica [Helwani et al., 2009a]. Even if, to our best knowledge of 
the literature, most of these catalysts have not been tested with microalgae lipids, they show a 
great potential for microalgae biodiesel. However, heteropoly acids could be interesting as 
catalysts to transform microalgae lipids (high levels of FFAs) into biodiesel, as, these catalysts 
showed almost no sensitivity to high FFAs contents (up to 10 wt%), but are sensitive to water 
contents (water content higher than 0.1 wt%) [Chai et al., 2007]. 
On the other hand, heterogeneous acid catalysts have the disadvantage of ending up in lower 
lipids conversions or longer reaction times. As an example, by using a catalyst of sulfated 
zirconium oxide (0.86 wt%) and a molar ratio of 2-ethyl hexanol-dodecanoic acid of 25:1 at a 
temperature of 80oC, Omota et al. [2003] achieved a conversion of dodecanoic acid of 100% 
for a 70h reaction time. 
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Tableau 1.4 Heterogeneous catalysts used for the transesterification of several oils  
Oil Catalyst Cat./oil 
(% w/w) 
Temperature 
(oC) 
Time 
(h) 
Molar ratio 
(alcohol/oil) 
Biodiesel yield 
max  
(% g FAME/g 
oil) 
Reference 
 
Coton seed 
 
Magnesium oxide 
(MgO)/MgAl2O4/ 
-Alumina (Al2O3)  
1 
 
180 
 
15 
 
6:1 
36 
 
[Barakos et al., 
2008]  
Mg–Al–CO3 
hydrotalcite 
98  
Carbon-based (acid) 0.3 220 3 21 89 [Shu, Nawaz et 
al., 2010]  
Jatropha curcas Montmorillonite 
KSF clay 
 
5 160 6 12:1 68 [Zanette et al., 
2011] 
Palm 
 
Potassium fluoride 
(KF)/ hydrotalcite 
3 65 
 
5 
 
12:1 
 
92 [Gao et al., 2008]  
KF/Ca-Al 
hydrotalcite 
5 98 [Gao et al., 2010]  
K-Mg-Al 
hydrotalcite 
7 100 6 30:1 87 [Trakarnpruk et 
Porntangjitlikit, 
2008]  
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CaO-Zinc oxide 
(ZnO) 
10 60 1 20:1 94 [Ngamcharussrivi
chai et al., 2008]  
Rapeseed Mg–Al- 
hydrotalcites 
1.5 65 4 6:1 91 [Zeng et al., 
2008]  
Soybean 
 
 KF/CaO 3 60-65 1 12:1 90 [Meng et Xin, 
2005]  
Al-Mg- hydrotalcite  5 
 
180 
 
1 
 
12:1 
 
93 [Di Serio et al., 
2006]  
MgO 91 [Xie et Huang, 
2006]  
NaX zeolite/ 
KOH 
3 65 8 10:1 86 [Xie et al., 2007]  
 ZnO /Strontium 
nitrate (Sr(NO3)2) 
5 65 1 12:1 87 [Z. Yang et Xie, 
2007]  
Potassium iodine 
(KI)/Al2O3 
2 Reflux  6 15:1 87 [Xie et Li, 2006]  
KI/Zirconium oxide 
(ZrO2) 
78 
KI/ZnO 73 
KI/zeolite NaX 13 
KI/zeolote KL  18 
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Al-Mg- hydrotalcite 7.5 Reflux 9 15:1 67 [Xie et al., 2006a]  
Potassium nitrate 
(KNO3)/Al2O3 
6.5 Reflux 7 15:1 87 [Xie et al., 2006b]  
CaO/chitosan 13.8 60 3 13.4:1 97 [Fu et al., 2011]  
CaO/ Eggshell 
calcinated 
1 70  5 6.9 :1 97 [Chakraborty et 
al., 2010]  
MgO 5 70 7 55:1 64 [Antunes et al., 
2008]  Mg-hydrotalcite 
oxide 
14 
ZnMg-hydrotalcite 
oxide 
7 
ZnO 0 
Al2O3 0 
Ca/mesoporous 
silica 
5 60 8 16:1 95 [Samart et al., 
2010]  
KI/mesoporous 
silica 
5 70 8 16:1 90 [Samart et al., 
2009]  
CaO/Lanthanum 
oxide (La2O3) 
8 65 1 10:1 75 [Kim et al., 2010]  
KF/Al2O3 2 72.7 3 12:1 99 [Teng et al., 
2009]  
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Mg –Al- 
hydrotalcite 
5 230 1 13:1 90 [Silva et al., 
2010]  
CaO 0.8 Reflux 2 11.7:1 90 [Kouzu, Kasuno, 
Tajika, Yamanaka 
et al., 2008]  
CaO/La2O3 8 65 3 7.8:1 97 [Kim et al., 2011]  
CaO/Cerium oxide 
(CeO2) 
 
5 
 
58 
 
1 
 
20:1 
91 
 
[Yan et al., 2009] 
La2O3/Zirconium 
oxide (ZrO2) 
8.7 
CaO/La2O3 94 
MgO/MgAl2O4 3 65 10 15:1 57 [Wang et al., 
2008]  
La/Zeolite  1.1 60 4 14:5 49 [Shu et al., 2007]  
CuVOP 3 60 5 6:1 65 [Chen et al., 
2011]  
Calcined sodium 
silicate 
3 60 1 7.5:1 100 [Guo et al., 2010]  
phosphazenium 
hydroxide/SiO2 
4.5 75 12 60:1 90 [Kim et al., 2011]  
Sunflower Zeolite NaX  10 60 7 6:1 95 [Ramos et al., 
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2008]  
Al-Si/Potassium 
carbonate (K2CO3) 
2 120 1 15:1 97 [Lukić et al., 
2009]  
CaO/ 
SBA15 
1 60 5 12:1 95 [Albuquerque, 
Jiménez-
Urbistondo et al., 
2008]  
Magnesium 
(Mg)/Calcium (Ca) 
2.5 
 
60 3 12:1 92 [Albuquerque, 
Santamaría-
González et al., 
2008]  
 
Mg/Aluminum (Al) 
    
66 
Vegetable KF/CaO 3 65 1 12:1 99.6 [Qian et al., 2010]  
Vegetable Aluminum 
hydrogen sulphate 
0.5 220 0.83 16:1 81 [Ramachandran et 
al., 2011]  
Vegetable Carbon-based 
(acide) 
0.2 220 4.5 17 81-95 (FFA) [Shu, Gao et al., 
2010]  
Vegetable 
(Ethanol) 
 
No 2 220 5 6.5:1 37 [Li et Rudolph, 
2008]  MCM-41 
(mesoporus silica) 
46 
KIT-41 36 
SBA-15 39 
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 MgO/MCM-41  68 
MgO/KIT-41 82 
K/MgO (A) 96 
Zanthoxylum 
bungeanum 
CaO 2.5 95 2.5 11.7:1 96 [Zhang et al., 
2010]  
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 Enzymatic catalysis 
The main advantage of enzymatic catalysis is the relatively high lipid conversion. A study has 
shown that a conversion of 98% [Xiong et al., 2008] can be reached by using a lipase 
(triacylglycerol acylhydrolase, EC 3.1.1 .3, 12 00 U, 30 wt%) immobilized on a macroporous 
resin, a methanol-oil molar ratio of 3:1, a temperature of 38oC, a pH of 7 and a reaction time 
of 12h. Despite the fact that some studies used enzymatic catalysis to transesterify 
heterotrophic microalgae lipids, this type of catalysis has not been tested up to now at 
industrial scale maybe because of the enzymes high costs [Chisti, 2007]. 
 Temperature and stirring  
An increase of the temperature can have a positive effect on the biodiesel yield. As an 
example, using an enzymatic transesterification (homogeneous) of the microalgae Chlorella 
pyrenidosa lipids, for a reaction time of 2h, Li et al. [2011] reached biodiesel yields of 43 to 
95% (g FAME/g lipid) at temperatures ranging from 20 to 110oC, respectively. However, for 
acid homogeneous catalysis, the temperature has less significant effects. As an example, 
testing temperatures of 30, 50 and 90oC for the acid catalysis of the heterotrophic microalgae 
Chlorella protothecoïdes, Miao and Wu [2006] obtained biodiesel yields of 56, 58 and 38% (g 
FAME/g lipid), respectively. 
The stirring rate has a positive effect on the quality of the biodiesel produced. As an example, 
for the homogeneous acid (H2SO4) transesterification of microalgae Chlorella sp. for 2h at 
60oC by using no stirring and a stirring at 500 rpm, Ehimen et al. [2010] observed a decrease 
of the biodiesel density from 903 to 883 kg/m3. Stirring rate is important because lipids or 
triglycerides has a higher density (> 900 kg/m3) than biodiesel (< 900 kg/m3) [Hoekman et al. 
2012].  
 Biodiesel yield and purification 
For the microalgae triglycerides transesterification, a conversion of 100% (g FAME/g lipid) 
can be reached [Koberg et al., 2011a], while for other classes of lipids, the yield is lower. For 
example, phospholipids and glycolipids are converted into biodiesel with yields of 65 and 56% 
(g FAME/g lipid), respectively [Nagle et Lemke, 1990]. These data are important because 
some microalgae can have an important amount of phospholipids and glycolipids of 40 and 
25% (g/g lipid), respectively [Williams et Laurens, 2010]. As a consequence, producing 
biodiesel from microalgae results in a lower biodiesel yield than with vegetable oil (mainly 
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composed of triglycerides), and other compounds have to be separated (chlorophyll, 
carotenoids etc.) [Bai et al., 2011].  
Biodiesel produced from microalgae must be separated from glycerol, chlorophyll and other 
by-products. Sometimes, when the process uses organic solvents, water is added to favor the 
biodiesel separation [Johnson et Wen, 2009], as non-polar solvents are insoluble in water. In 
case there would be no organic solvent already present, the main separation processes would 
be hot water [Li et al., 2007], organic solvents such as hexane [Halim et al., 2010; Wiltshire et 
al., 2000] and a blend of water and organic solvents [Samorì et al., 2010; Lewis et al., 2000; 
Couto et al., 2010]. Other techniques of purification, based on vegetable oil processes, that 
could be used for a microalgae large scale biodiesel purification would be: a) water washing b) 
dry washing c) membrane separation.  
1.4.9 Production standards and properties 
Currently, there are 2 main biodiesel production standards: American standard (ASTM 
D6751-10) and European standard (EN 14214-2003) [ASTM Standard D6751-10, 2010; 
Knothe, 2006]. The following standards are inspired from the 2 previous standards: Australia 
(Acte 2000), Brazil (ANP Act No. 42/2003), China (GB/T 2008-2007), India (IS 15607-2005), 
Indonesia (SNI 04-7182-2006), Japan, Corea, New Zealand (NZS 7500-2005) and Thailand 
[Hart Energy Consulting, 2007]. In Canada, there is a law which allows adding up to 5% (v/v) 
of biodiesel into petrodiesel [Gouvernement du Québec, 2011]. 
There are important differences between standards EN 14214-2003 and ASTM D6751-10 
used to produce biodiesel from microalgae. The European standard stipulates that the content 
of linolenic FAME (C18:3) and polyunsaturated FAME (number of double bounds > 3) must 
not exceed 12 and 1 wt%, respectively [Knothe, 2006]. These data are important since 
microalgae often have a high content of polyunsaturated FAMEs [Johnson et Wen, 2009; 
Koberg et al., 2011a] at levels that can reach 56 wt% [Lewis et al., 2000]. Some requirements 
of EN 14214-2003 are not found in ASTM 6756-10 standards such as the minimum FAME 
content (96.5% mol/mol min), the density (860-900 kg/ m3, 15oC) and the iodine value (120 g 
I2/100 g max). The important biodiesel properties are cetane index, heating value, cold 
properties, viscosity, oxidation stability, lubricity [Knothe et al., 2005]. 
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 Cetane index 
The cetane index is the capacity for a fuel to flame up during combustion [BP, 2011b]. A 
higher cetane index means that the shorter time a fuel takes to flame up, the better the quality 
of the combustion [BP, 2011b; Knothe et al., 2003]. The minimal cetane index for diesel is 40, 
while the latter for different commercial biodiesels varies between 48 and 65 [National 
Renewable Energy Laboratory, 2009]. For FAME, the cetane index increases with the increase 
of the number of carbon and decreases with the number of double bonds of the carbon chain. 
To our best knowledge of the literature, no study has experimentally measured the cetane 
index of microalgae biodiesel. However, a study has evaluated the cetane index of microalgae 
biodiesel from their FAME content: varying between 39 and 54 for different species of 
microalgae such as Isochrysis galbana (51.7), Chaetoceros sp. (50.6) and Ondotella 
weissflogii (39.3) [Stansell et al., 2011]. 
According to our knowledge of the literature, no study has tried to increase the cetane number 
of microalgae biodiesel. On the other hand, some techniques applied to 1st generation biodiesel 
could be used to increase the cetane number of microalgae biodiesel. In addition to 
hydrogenation, a study has tested nitration of biodiesel with nitric acid (25 wt%) and ethanoic 
anhydride (63 wt%). Using frying oil, they obtained an increase of cetane index of the 
biodiesel from 55 to 61 [Canoira et al., 2007]. 
 Heating value 
Heating value is the amount of energy released during biodiesel combustion. For commercial 
biodiesel, lower heating values varies between 36 and 41 MJ/kg while the lower heating value 
of microalgae biodiesel produced from acid transesterification (H2SO4) was measured at 41 
MJ/kg by Miao and Wu [2006]. 
 Cold properties 
Cold properties are defined as the biodiesel behavior when temperature is decreasing. These 
properties include cloud point and pour point. Cloud point is the temperature at which crystals 
(d ≥ 0.5 m) begin to form while pour point is the temperature where biodiesel stops flowing 
[Veillette et al., 2012; Dunn, 2005]. As biodiesel has generally poorer cold behavior compared 
to petrodiesel (higher cloud and poor points), it is recommended to consider these properties 
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for a blend biodiesel-petrodiesel [ASTM Standard D6751-10, 2010]. Based on our knowledge 
of the literature, no study has measured cloud and poor points for microalgae biodiesel. 
However, since microalgae contain a high amount of unsaturated FAMEs that can reach 56 
wt% [Lewis et al., 2000], microalgae biodiesel would have better cold properties than 
biodiesel produces from oleaginous vegetable species [Veillette et al., 2012]. 
 Viscosity 
Viscosity is a measure of flowing resistance. The lowest viscosity as possible is required in 
order to reduce the flowing resistance. Despite the fact that the transesterification allows to 
reduce the viscosity of lipids, kinematic viscosity of biodiesel (2.8 to 5.7 mm2/s) is higher than 
that of petrodiesel (1.8 to 3.8 mm2/s) [National Renewable Energy Laboratory, 2009]. A 
biodiesel with high viscosity will cause deposit problems in the combustion chamber and will 
also increase most pollutant emissions [Basha et al., 2009]. The kinematic viscosity of 
microalgae biodiesel ranges from about 3.9 and 5.2 mm2/s [Miao et Wu, 2006; M. B. Johnson 
et Wen, 2009]. Furthermore, as the cetane index, the viscosity increases with the length of the 
carbon chain and decreases as a function of the unsaturation degree of the FAMEs. 
 Oxidation stability and biodegradability  
Oxidation stability is a very important parameter when biodiesel is stored. Indeed, when the 
oxygen contained in the air comes into contact with biodiesel, the later may be transformed 
into deposits which consist of hydrogenoperoxides, aldehydes, acids and oxygenated products 
[Knothe, 2005]. Generally speaking, oxidation decreases as a function of the unsaturation 
degree. Consequently, some authors have evaluated that biodiesel produced from several 
species of microalgae would have a low oxidation stability because of the polyunsaturated 
FAME content can reached 56 wt% [Lewis et al., 2000], which represents a real problem for 
storage [Stansell et al., 2011]. Otherwise, if biodiesel is stored for more than a few months, 
adding antioxidants is recommended to improve its oxidation stability [National Renewable 
Energy Laboratory, 2009].  
Biodegradability is another important factor during storage because microorganisms have the 
ability to transform biodiesel in end products such as O2, water and CO2 [Jakeria et al., 2014].  
 Lubricity 
Lubricity of a fuel is defined as the capacity of a fuel to reduce friction between the moving 
parts of an engine [Chevron Corporation, 2007; Shumacher, 2005]. Blending biodiesel with 
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petrodiesel can allow to improve the lubricity inside an engine. As an example, at a 
temperature of 25oC, Knothe and Steidley [2005] obtained friction values (without indicated 
units) for petrodiesel (without additives) and vegetable based biodiesel of 0.238 and 0.117, 
respectively. Several factors influence the lubricity of petrodiesel such as viscosity, acidity, 
water and sulfur contents [Seregin et al., 1975]. Some studies on biodiesel production from 
microalgae obtained sulfur contents relatively high (69 ppm) [Johnson et Wen, 2009] 
compared to ASTM standard (15 ppm) [ASTM Standard D6751-10, 2010]. As a consequence, 
studies on biodiesel lubricity should be performed since, to our best knowledge, no study has 
measured lubricity of biodiesel produced from microalgae. 
 Other properties  
Concerning the density of biodiesel, that of microalgae biodiesel is higher than petrodiesel. 
For example, Miao and Wu [2006] produced biodiesel from microalgae and measured a 
biodiesel density of 864 kg/m3 by performing a direct transesterification of a heterotrophic 
microalgae (Chlorella protothecoides) using methanol and an acid catalyst (H2SO4), while the 
standard for petrodiesel is 0.838 kg/ m3.  
1.4.10 By-products to separate and valorize 
Among the by-products, glycerol is obtained following the triglycerides transesterification at a 
mass ratio around 10 times lower than FAME [Yazdani et Gonzalez, 2007]. Currently, an 
overproduction of glycerol (direct consequence of biodiesel production that alone produces 
1400 kton of crude glycerol per year) associated with a slight increase of world glycerol 
consumption from 600 to 870 kton/year from 2003 to 2013 [Bondioli, 2003; Gran View 
Research: Market Reasearch and Counsulting, 2014] led, as a consequence, to the decrease of 
glycerol prices. From 2004 to 2011, the price of glycerol decreased from 110 to 7.5 US$/ton 
[Yazdani et Gonzalez, 2007; The Jacobsen, 2011]. In order to make biodiesel from microalgae 
cost effective, glycerol could be transformed into other products (added value products) by 
chemical [Johnson et Taconi, 2007], thermochemical [Vaidya et Rodrigues, 2009] or 
biological [Soares et al., 2006; Vaidya et Rodrigues, 2009] methods. A study suggests that if a 
microalgae contain less than 40 wt% lipids, the anaerobic digestion of microalgae residues is 
essential to make microalgae biodiesel profitable [Sialve et al., 2009]. 
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Furthermore, microalgae contain non transesterifiable components (chlorophyll, carotenoids) 
[Bai et al., 2011] that can be found into biodiesel after transesterification, which require 
further purification steps [Chen et al., 2012].  
1.4.11 Cost calculation  
Several studies have attempted to determine if a process of biodiesel production from 
microalgae could be profitable. Some studies calculated the cost of microalgae biomass 
ranging from 10 to 32 US$/kg biomass based on the initial investment [Molina Grima et al., 
2003; Benemann et Oswald, 1996]. On the other hand, some authors estimated that microalgae 
would be produced at a lower cost from 3.0 to 3.8 US$/kg biomass for photobioreactors and 
for “raceway” pond types, respectively [Chisti, 2007]. Nevertheless, in more recent studies 
(2009-2013), some authors calculated lower biomass production costs for microalgae biomass 
at 2.7 $US/kg biomass for raceway ponds [2009; Slade et Bauen, 2013], while the cost of 
microalgae cultivated in photobioreactors would be 7.4 $US/kg biomass. According to the 
same sources, considering a microalgae with a lipid content of 50 wt%, the cost of microalgae 
cultivated in fermentors would be 1.6$US/kg biomass. It is to be noted that 20 to 30% of the 
costs of biomass are associated to microalgae harvesting [Carlsson et al., 2007]. 
In order to calculate the energy balance from the microalgae biodiesel production production 
process, Lardon et al. [2009] estimated that with a lipid extraction without previous 
microalgae biomass drying using a solvent lipid extraction would produce a positive energy 
balance at 105 MJ/kg biodiesel, while the microalgae drying would cause a negative energy 
balance at -2.6 MJ/kg biodiesel. However, only a process that would use low amounts of 
nitrogen (concentration non explicit) and an extraction of wet microalgae would consume less 
energy than biodiesel which usually contains 37.8 MJ/kg biodiesel [Lardon et al., 2009]. 
According to Davis et al. [2014] microalgae biodiesel cost calculation modeling is at an "early 
stage because of missing process data" and further research has to be performed because 
several projects of industrial microalgae culture for biodiesel production process were not 
successful [Benemann, 2008]. 
  
52 
 
1.4.12 Canadian biodiesel production 
In 2010, in Canada, the petrodiesel consumption represented more than 27% of the total of 
refined oil products, as 28 million of m3 [Statistics Canada, 2011]. Consequently, in order to 
meet a demand in biodiesel that would correspond to a blend of biodiesel into petrodiesel of 
10 vol% [Bindraban et al., 2009], Canada should produce about 2.8 million of m3 per year of 
biodiesel. As the density of biodiesel is around 864 kg/m3 (0.864 kg/L), the biodiesel 
production should reach 2.4 million tons/year. Considering this production would come from 
microalgae, a biomass productivity of 0.035 kg/m2/day (culture in raceway pond) [Chisti, 
2007], a biodiesel yield of about 37% (g biodiesel/g dry biomass) [Koberg et al., 2011a] and a 
production of 6 months per year (180 days), the surface required for such production would be 
1027 million m2 (1027 km2). 
1.4.13 Biofuels: Other applications 
Despite the fact that biodiesel is one of the most studied biofuel, microalgae could be used to 
produce other biofuels such as bioethanol and biomethane [Singh et Gu, 2010]. Microalgae 
could be a raw material for other processes of valorization such as gasification, liquefaction, 
pyrolysis and hydrogenation [Amin, 2009]. However, these processes are performed at high 
temperatures and pressures ranging from 300 to 900oC or 7 to 55 MPa, respectively. As an 
example, researchers have developed patents to transform microalgae biomass by liquefaction 
using temperatures between 320 and 500oC at pressures between 20 and 55 MPa [Catallo et 
Junk, 2001]. Direct combustion could be worked on to produce energy (for example to 
produce electricity) despite that the humidity would be an important factor for the cost 
efficiency of this process. 
1.5 Conclusion 
L’objectif de cette revue de littérature était d’étudier la possibilité d’utiliser les microalgues 
comme source de biodiesel : de la culture des microalgues, en passant par la production de 
biodiesel, jusqu’à l’atteinte de normes de production. Il y a beaucoup de produits à valeur 
ajoutée dans les microalgues qui peuvent être exploités (tels que des lipides, des protéines, des 
sucres, etc.) lesquels peuvent rendre rentable la production de biodiesel à partir de 
microalgues. En effet, la fluctuation des prix du pétrole encourage les gouvernements à réduire 
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leur dépendance au pétrole et réduire leurs émissions de CO2, lesquels stimulent la production 
de biocarburants à partir de biomasses renouvelables. 
Parmi les différentes sources de biomasse, les microalgues ont un contenu élevé en lipides 
(jusqu’à 75% (m/m)), lequel peut être utilisé pour produire du biodiesel. Le principal avantage 
des microalgues est basé sur le fait que celles-ci ont un rendement de culture élevé et 
n’utilisent pas de terres fertiles. D’un autre côté, l’utilisation de cette biomasse pour la 
production de biodiesel requiert l’amélioration des techniques d’extraction, de 
transestérification des lipides et de purification du biodiesel. 
1.6 Conclusion 
The objective of this literature review was to study the possibility of using microalgae as a 
source of biodiesel: from the microalgae culture through biodiesel synthesis to ASTM 
biodiesel production standards. There are a lot of valuable products contained in microalgae 
that could be exploited (such as lipid, proteins, sugar, etc.) which could make biodiesel 
production from microalgae cost effective. Otherwise, the fluctuation of oil prices encourages 
the government to reduce its oil dependency and reducing CO2 emissions, which stimulates 
biofuels production from renewable biomas. 
Among the different sources of biomass, microalgae has a high lipid content (up to 75 wt%), 
which could be used to produce biodiesel. The main advantage of microalgae is based on the 
fact that microalgae have high culture yields and does not use arable lands. On the other hand, 
the use of this biomass for industrial biodiesel production requires the improvement of the 
techniques of extraction, the transesterification of lipids and the purification of biodiesel. 
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CHAPITRE 2  
EXTRACTION DES LIPIDES 
 
Avant propos : 
 
L’article « Biodiesel production from microalgae: Influence of pretreatment on lipid extraction 
» a été publié dans le Journal « International Journal of Sustainable Development & 
Planning» Vol 10, no 3 (2015), 382-394 
 
TITRE : Production de biodiesel à partir de micro-algues : influence du prétraitement sur 
l’extraction des lipides 
TITLE: Biodiesel production from microalgae: Influence of pretreatment on lipid extraction 
 
M. Veillette1, A. Giroir-Fendler2, N. Faucheux1 & M. Heitz1* 
1Department of Chemical Engineering and Biotechnological Engineering, Engineering 
Faculty, Université de Sherbrooke, Canada. 
2Université de Lyon, LYON, F-69003, France, Université Lyon 1, France. 
* Author for correspondence: Telephone 819-821-8000 ext. 62827; Fax 819-821-7955; e-mail: 
Michele.Heitz@USherbrooke.ca 
 
 
 
Contribution au document: Cet article est pertinent à la thèse parce qu’il évalue des 
méthodes d’extraction qui maximisent le rendement en lipides.  
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2.1 Résumé 
Avec l’objectif de réduire leurs émissions globales de dioxyde de carbone (CO2) et leur 
dépendance au pétrole, plusieurs pays industrialisés tels que les pays de l’Union européenne 
encouragent le développement durable et augmenteront, à partir de 2020, le ratio de 
biocarburants (bioéthanol et biodiesel) mélangés avec le carburant de transport à 10% (v/v). 
Cependant, cet objectif pourrait priver le monde de terres cultivables requises pour nourrir de 
320 à 460 millions de personnes. Afin de remplacer les huiles végétales conventionnelles (par 
exemple, l’huile de canola) utilisées pour produire le biodiesel, les microalgues pourraient 
servir de matière première brute, étant donné qu’elles peuvent contenir jusqu’à 75% (m/m) de 
lipides. Lors de la production de biodiesel, les lipides doivent être extraits des microalgues 
humides. Cette étude démontre que les lipides pourraient être directement extraits des 
microalgues sans avoir besoin d’enlever l’eau avec un rendement en lipides de 29% (m/m) 
grâce à un prétraitement utilisant l’ébullition à pression normale des microalgues en phase 
aqueuse. Le rendement en lipides obtenu est significativement plus faible qu’avec les 
méthodes traditionnelles d’extraction (33% m/m) impliquant la coûteuse technique de 
congélation sous vide. Enfin, le rendement en lipides le plus élevé (35% m/m) a été obtenu en 
utilisant un prétraitement d’ébullition des microalgues lyophilisées, une extraction au 
chloroforme-méthanol et une centrifugation. Les résultats ont aussi démontré que le traitement 
physicochimique considéré n’a aucune influence sur la composition en esters méthyliques 
d’acides gras (EMAG) avec le palmitoléate de méthyle comme composé majoritaire à 28% 
(m/m). 
 
Mots-clés : Biodiesel, microalgues, extraction, lipides, transestérification 
 
2.2 Abstract 
By having the objective of reducing their global emissions of carbon dioxide (CO2) and their 
petroleum dependency, many industrialized countries like European Union countries support 
the sustainable development and will increase, by 2020, the ratio of biofuel (bioethanol or 
biodiesel) blend with transportation fuel to 10% (v/v). However, this objective could deprive 
the world of arable lands needed to feed 320 to 460 million people. In order to replace 
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conventional vegetable oils (for example, canola oil) to produce biodiesel, microalgae could 
be used as bulk material, as their total lipid yield can be as high as 75% (w/w). To produce 
biodiesel, the lipids must previously be extracted from the wet microalgae. This study showed 
that microalgae lipids could be directly extracted without dewatering process with a yield of 
29% (w/w) by using a boiling pretreatment (water phase). The yield obtained was slightly 
lower than the traditional extraction methods (33% w/w) implying the costly technique of 
freeze-drying. Finally, the highest lipid yield (35% w/w) was obtained using a boiling 
pretreatment of lyophilized microalgae, a chloroform-methanol extraction and a 
centrifugation. The results also showed that the chemical physicochemical pretreatment 
considered had no influence on the composition of the fatty acid methyl esters of the biodiesel 
produced with methyl palmitoleate as the major component with up to 28% (w/w). 
 
Keywords: Biodiesel, microalgae, extraction, lipids, transesterification 
 
2.3 Introduction 
Despite the energy saving due to the energy efficiency improvements, between 1973 and 
2010, the world primary energy consumption increased by around 110% during this period 
with an energy equivalent consumption of 12 billion barrels of oil in 2010 [BP, 2012]. During 
this period, the world population increased from around 3.9 to 6.9 billion [United Nations, 
2006; Population Division of the Department of Economic and Social Affairs of the United 
Nations Secretariat, 2012a], which might be an explanation for the increase of the energy 
consumption. So, the energy consumption will probably increase as the world population 
could reach 9 billion people by 2050 [United Nations Department of Economic and Social 
Affairs, 2009].  
In Canada and United-States, over 70% of the 2005 energy need is provided by fossil fuels 
(oil, natural gas and coal) [International Energy Agency, 2008]. Moreover, in the United-
States, most of the 2009 electricity was produced by non-renewable sources like coal (1750 
billion kWh) and natural gas (900 billion kWh) [U.S. Energy Information Administration, 
2011a]. 
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Between 1980 and 2006, the world carbon dioxide (CO2) emissions increased by 58%, for a 
total emission of 29.2 billion of metric tons in 2006 [Energy Information Administration, 
2011]. Following the Copenhagen Climat Change Conference, the governments intended to 
reduce their greenhouse gas (GHG) emissions to various levels [Conseil économique pour le 
développement durable, 2010]. Recently, several governments (United States and European 
Union countries) have formulated policies which state that transportation fuel must contain 
10% (v/v) of biofuels (mostly bioethanol and biodiesel) by 2020 [Bindraban et al., 2009]. 
Even if this objective is aimed at reducing the dependency on petroleum and CO2 emissions, 
this decision could lead to world hunger, land pollution and deforestation, as most of the 
biofuels are produced from raw oleaginous materials [Goldemberg et Guardabassi, 2009]. 
Moreover, the lack of land could create soil impoverishment problems [Bordet et al., 2006]. 
Microalgae can be used to produce biofuels such biodiesel and to reduce CO2 emissions at the 
same time. In fact, autotrophic microalgae are produced by photosynthesis which consumes 
CO2 and water to form microalgae and oxygen. Some authors calculate that for each g of 
microalgae formed, 1.83g of CO2 is consumed [Chisti, 2007].  Consequently, microalgae can 
help to reduce the CO2 emissions of combustion sources such coal power plants [de Morais et 
Costa, 2007] and cement plants [Borkenstein et al., 2011]. 
Microalgae are a rich source of oleaginous material which can contain more than 75% (w/w) 
of lipids on a dry weight base [Chisti, 2007].  The biodiesel produced through the 
transesterification of lipids can be blended from various ratios of petrodiesel ranging from 0 to 
100% (v/v) without prior engine modifications. Blending 20% (v/v) of biodiesel with regular 
petrodiesel allows to reduce general emissions like particular matters (10%), carbon monoxide 
(11%) and hydrocarbon (21%) [United States Environmental Protection Agency, 2002], 
mercaptans (18%) [Machado Corrêa et Arbilla, 2008] and CO2 emissions (15.5%) [Sheehan, 
Combreco et al., 1998].    
However, the main problem with biodiesel from microalgae is that the production costs for 
such biofuels are still high from 2.4 to 6.6 $US/L [Singh et Gu, 2010]. In order to reduce the 
production costs, some studies have tried to find microalgae with a higher lipid yield [Sheehan 
et al., 1998] while other studies claim that physicochemical pretreatments might increase the 
lipid extracted [Lee et al., 2010; S. Lee et al., 1998; Pernet et Tremblay, 2003] or the fatty acid 
methyl ester (FAME) yield [Kita et al., 2010]. Some of these studies affirm that dry-freezing 
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and microwave heating in water phase increase the yield of lipid extraction. The lipids must be 
extracted because water reduces the yield of biodiesel obtained [Johnson et Wen, 2009].  
The main goal of the present study is to compare extraction methods to determine which is 
most suitable to extract lipids from a blend of microalgae. The second purpose of this work is 
to determine if the microalgae can be used for biodiesel production.   
2.4 Materials and methods 
2.4.1 Feedstock and material 
Frozen microalgae provided by NutrOcéan Canada inc. (Rimouski, Canada) were a blend of 
the following species: Nannochloropsis oculata, Isochrysis galbana and Pavlova lutheri. The 
elemental composition of the microalgae was determined using the wet weight, the dry weight 
(dw) (oven, 105oC) and the calcinated weight (oven, 500oC) of 3 samples as described 
elsewhere [Veillette et al., 2011]. Tableau 2.1 presents the elemental mass composition of the 
microalgae blend. Certified ACS grade solvents (Methanol (CH3OH), isopropanol (C3H8O), 
chloroform (CHCl3) and hexane (C6H14)) were supplied by Fisher Scientific inc. (Canada). 
Acetyl chloride (CH3COCl) (grade: puriss. p.a., ≥ 99%) was provided by Fluka (Oakville, 
USA).  
Tableau 2.1 Elemental composition of frozen microalgae 
 % (w/w) 
Moisture 83.90±0.05 
Solids 16.10±0.05 
Volatile matter 12.80±0.30 
Ash 3.30±0.25 
 
 
Lyophilisation was performed using a Virtis specimen freeze drier (model 24DX24, Gardiner, 
New York, USA). Autoclaving, sonification and microwave heating were performed in a 
Thermo Scientific Napco model 9000D (Fisher Scientific inc., Canada), a mechanical 
ultrasonic model FS60H (Fisher Scientific inc., Canada) and a kitchen microwave (General 
Electric inc., Canada). Boiling was carried out using a hotplate (Fischer Scientific, Canada) 
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with continuous magnetic stirring. Centrifugation was achieved using an Avanti Centrifuge 
model J-20XP (Beckmann Coulter inc., USA). 
2.4.2 Physicochemical pretreatments and extraction 
Lipids were extracted using a modified procedure used by Lee et al. [2010]. Tableau 2.2 
presents the extraction procedures of the microalgae lipids. In experiments 1-6 and 16-17, 1g 
of lyophilised microalgae was dissolved in 100 mL of water. In experiments 7-10 and 15, 
around 6.25 g of wet microalgae (1g (dw)) were blended with 95 mL of distilled water.  
Tableau 2.2 Lipids extraction experiments  
Exp.  Initial state 1st 
solven
t 
Pretreatment 2nd 
solvents 
Separation 
1 Lyophilized W No M-C Settling 
2 Lyophilized W Microwave M-C Settling 
3 Lyophilized W Boiling M-C Settling 
4 Lyophilized W Osmotic shock M-C Settling 
5 Lyophilized W Autoclave M-C Settling 
6 Lyophilized W Sonic bath M-C Settling 
7 Wet W No M-C Settling 
8 Wet W Microwave M-C Settling 
9 Wet W Boiling M-C Settling 
10 Wet W Osmotic shock M-C Settling 
11 Lyophilized C No M-W Settling 
12 Lyophilized C-M Reflux W Settling 
13 Lyophilized H Reflux W Settling 
14 Lyophilized H Reflux  Filtration 
15 Wet W Boiling I-H Settling 
16 Lyophilized W Boiling C-M Settling & 
centrifugation 
17 Lyophilized W Boiling H-M Settling & 
centrifugation 
* W: Water ; M: Methanol ; C: Chloroform ; I: Isopropanol ; H: Hexane 
 
 In experiments 1 to 4 and 7 to 10, the water/microalgae samples were submitted to the 
following pretreatments: no pretreatment, microwave (5 min, 1000W, 2475 MHz), osmotic 
shock (sodium chloride, 10% m/v, 48h), and boiling (5 min, discontinuous stirring at 1200 
rpm). In experiments 5 and 6, the samples were also submitted to the following pretreatments. 
Then, the samples were cooled off and transferred into a separation funnel for extraction, 
blended with 100 mL chloroform-methanol (1:1, v/v) and shacked vigorously during 1 min.  
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In experiment 11, lyophilized microalgae were dissolved directly in 50 mL of chloroform and 
50 mL of methanol was added. In experiments 12 to 14, lyophilized microalgae were 
dissolved in 100 mL of chloroform-methanol (1:1, v/v) or 100 mL hexane and heated under a 
reflux for 5 min. Then, the blends were cooled off. In experiments 12 and 13, the organic 
solvents/samples were transferred in a separation funnel, 100 mL of water was added and 
shacked for 1 min. In experiment 14, the hexane/microalgae phase was filtered (Paper 
Whatman, # 1).  
In experiment 15, the samples were submitted to 5 min boiling pretreatment and cooled off. 
Then, 100 mL of hexane-isopropanol (3:2, v/v) was added, the blend was transferred into a 
separation funnel and shacked for 1 min. 
For experiments 1-12 and 16-17, a microemulsion was observed in addition of aqueous and 
lipid phases. Only the bottom phase (lipid) was recovered in experiments 1 to 17 [Lee et al., 
2010]. For experiments 16 and 17, centrifugation at room temperature was tested from 500 to 
5000 rpm during 1 to 3 min to mitigate the microemulsion. This test revealed that 2000 rpm 
and 1 min was sufficient to mitigate the microemulsion and a more clearer phases separation 
was observed (Aqueous, semi-solid, and chloroform). Ultrasound bath (100W, 42 kHz) was 
also tested, but centrifugation was a lot more effective. 
 For all experiments, the solvents were evaporated at 60oC under a vacuum. Crude 
lipids were weighed using an electronic scale. The yield of lipids extraction was an average of 
3 replicates. The lipid yield was expressed as a function of the initial microalgae weight. 
2.4.3 Lipids transesterification and biodiesel recovery 
Extracted crude lipids (0.16 to 0.29 g) were transesterified according to Lepage and Roy 
[1984] modified procedure. This procedure was chosen because it produced a higher FAME 
yield than other catalysts such as hydrochloric acid or sulphuric acid (3%, v/v) for 
transmethylation of microalgae lipids [Cooney et al., 2009]. Crude lipids were blended with 
4.02 mL of freshly made methanol-acetyl chloride (100:5, v/v) and heated in a water bath to 
around 100oC (with agitation at 1200 rpm) for 1h under a reflux. The blend was cooled off at 
room temperature and the methanol was evaporated at 60oC under vacuum. Then, the crude 
biodiesel was recovered with 20 mL of pure hexane, which created a 2-phases system as the 
glycerol and the chlorophyll were insoluble in hexane phase [Halim et al., 2010]. The top 
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layer was recovered and filtered through a silica filter paper to remove residual water (Paper 
Whatman, P.S. # 1). Hexane was evaporated at 60oC under a vacuum and then in an oven at 
60oC for 15 min to eliminate the residual solvents. The lipid yield of different treatments was 
compared using one-way ANOVA and Tukey tests with P < 0.05. 
2.4.4  Analytical methods 
The FAME qualitative composition of biodiesel was determined using a Varian-3800 gas 
chromatograph equipped with a mass spectrometer (Varian Inc., Canada). A standard of 37 
FAMEs (Supelco, 18919-1AMP) was used to identify the different methyl esters. One L of 
hexane-biodiesel was injected in a DB-Wax Polyethylene glycol capillary column (30m x 
0.25mm I.D., 0.25m film thickness) with a split ratio of 20:1. Chromatographic analysis was 
made according to a similar procedure of Halim et al. [2010]. Helium, used as carrier gas, was 
set to a flow rate of 1.5 mL/min and the injector temperature was constant at 150oC. The oven 
was heated from 140 to 240oC at 5oC/min and maintained at 240oC for 5 min. Fatty acid 
methyl ester quantitative composition was determined using a flame ionisation detector (FID) 
and with Supelco standards for quantification (GLC-10, GLC-50, GLC-80, 18913-1AMP). 
Pure hydrogen gas was fed to the FID at a temperature of 240oC and nitrogen was used as a 
make-up gas at a flow rate of 30 mL/min. The FAME qualitative composition of biodiesel was 
an average of 3 replicates.  
 
2.5 Results and discussion 
2.5.1 Extraction of lipids 
 Effect of pretreatment 
Figure 2.1 presents the lipid extraction yields for lyophilised microalgae for the different 
pretreaments. As seen in Figure 2.1, the average lipid yield varied from 16 to 29% (dw). The 
water boiling pretreatment gave the higher average lipid (29% (dw)) yield followed by 
osmotic shock (28.7% (dw)) and microwave (28% (dw)).  
Results show that the microalgae blend (Nannochloropsis oculata, Isochrysis galbana and 
Pavlova lutheri) could be appropriated to produce biodiesel as their lipid yield is relatively 
high. The lipid yield obtained in the present study was similar to the results obtained by Lee et 
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al. [1998] with the specie Botrycoccus braunni using a slightly different extraction process. As 
Botryococcus braunni could have a potential lipid content up to 75% (dw) (in specific culture 
conditions) [Chisti, 2007], the blend of microalgae used in the present study demonstrated its 
potential for biodiesel production, as Botrycoccus braunni has a growth rate 10 times slower 
than Isochrysis galbana, one of the microalgae used in the present study [Cadoret et Bernard, 
2008]. 
 
 Figure 2.1  Lipid yield as a function of the pretreatment for lyophilized microalgae 
 
Even if a higher lipid yield was obtained with microwave pretreatment compared with no 
pretreatment, boiling and osmotic shock pretreatments gave statistically the same yield with 
28.7% (dw) and 28% (dw), respectively. In their study, Lee et al. [2010] tested some 
extraction methods including no pretreatment, microwave (5 min), autoclave, bead-beating, 
osmotic shock and sonication. They concluded that microwave is the best pretreatment method 
for increasing the lipid yield (29% (dw)) for the microalgae Botrycoccus sp.. However, in the 
same study with another specie (Chlorella vulgaris), microwave had a less significant effect 
(9.8% (dw)). Consequently, the temperature induced by microwave heating could be more 
effective to disrupt the cells or to increase the solubility of lipids in water than the microwave 
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itself. These data are important because microwave heating systems could be more expensive 
than conventional heating. This could also explain why sonic bath pretreatments gave a lower 
lipid yield (16% (dw)).  
The fact that the autoclave gave a lower lipid yield than others pretreatments probably 
means that the higher temperature and pressure could lead to the degradation (hydrolysis) of 
some lipids (19% (dw)). Some other studies observed that thermal pretreatment using an 
autoclave from 75 to 120oC (unknown pressure) during 10 min could increase the FAME yield 
from 0.4 to 98.3% (dw) (compared to chloroform-methanol extraction) using hexane as 
extraction solvent [Kita et al., 2010]. No such observations were made in the present study. 
The extraction procedure used in the present study was effective to destruct the cell wall of the 
microalgae, as a microemulsion was obtained. To our best knowledge, this phenomenon has 
never been reported. However, Cooney et al. [2009] mentioned that "shear stress and 
aggressive mixing" could form microemulsions in water phase. The authors also reported the 
formation of a microemulsion following the application of microwave to a water-microalgae 
system that would interfere with the natural settling process of water-methanol-chloroform 
extraction. In the present study, most of the water-methanol-chloroform extractions formed 
surprisingly stables microemulsions even after 10 hours of settling. Therefore, a centrifugation 
supplementary step was added to Lee et al. [2010] method to mitigate the microemulsion.       
 
 Effect of lyophilisation 
Figure 2.2 presents the lipid yield obtained from different pretreatments for lyophilized and 
wet microalgae. As seen in Figure 2.2, the yields obtained from the different pretreatments 
from lyophilized and wet microalgae varied from 16.7 to 28.9% and from 17 to 30.8% (dw), 
respectively. 
 No significant difference in lipids yield was observed for lyophilized and wet 
microalgae. Using lyophilized microalgae appear useless in the present study because freeze-
drying (or any drying process) increases the extraction costs. Other studies observed an 
improvement of extraction when the cells were dry-freezed [Lee et al., 1998]. This could 
probably means that Botrycoccus braunni microalgae used by Lee et al. [1998] has a harder 
cell wall to disrupt than the blend of microalgae used in the present study.  
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 For wet microalgae, no significant difference in lipid yield was either observed 
between microwave, boiling and osmotic shock with value ranging from 26.1 to 30.9% (dw).  
 
Figure 2.2 Lipid yield as a function of the pretreatment for lyophilized and wet microalgae.  
 
 Effects of solvents and heat 
Figure 2.3 presents the lipid yield as a function of the solvent sequence (chloroform-methanol-
water) for lyophilized microalgae. This Figure shows that blending microalgae with 
chloroform instead of water gave a statistically higher lipid yield of 32.0 versus 16.7% (dw).  
Data from Figure 2.3 suggest that lyophilisation could be more useful to favour the contact of 
lipids with non-polar solvents (chloroform) than for disrupting the microalgae cell walls 
because a higher lipid yield was obtained when the lyophilized microalgae were directly in 
contact with chloroform (32.0% (dw)) compared to water (16.7% (dw)).  This result is similar 
to others studies on the effect of the chloroform-methanol-water sequence on lipid extraction 
and FAME yields [Lewis et al., 2000; Cooney et al., 2009]. For example, using a 
heterotrophic microalgae (strain ACEM 6063), Lewis et al. [2000] obtained an increase of the 
FAME yield from 26 to 33% (dw) by changing the order of solvent (chloroform-methanol-
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water). Blending microalgae directly in chloroform requires, on the other hand, lyophilisation 
which might increase the harvesting costs of the microalgae cells.   
 
 
Figure 2.3 Lipid yield as a function of the sequence of extraction of chloroform-methanol-
water of lyophilized microalgae  
 
 Figure 2.4 presents the lipid yield for chloroform-methanol and hexane reflux extracted 
with water. As seen in Figure 2.4, the lipid yield obtained was statistically higher (33% (dw)) 
for chloroform-methanol than for hexane (23% (dw)) extracted with water, even if the amount 
of chloroform was twice lower than the amount of hexane. Comparing hexane-isopropanol 
(3:2, v/v) and chloroform-methanol (2:1, v/v) to extract the lipids from the wet microalgae 
Botryococcus braunii, Lee et al. [1998] obtained a lipid yield of 20 and 29% (dw), 
respectively. This phenomenon can be explained by the fact that chloroform is a more polar 
solvent than hexane which allowed chloroform to extract polar lipids such as glycolipids and 
phospholipids. Other studies have shown that hexane could extract a lower lipid yield (up to 
twice lower at 8% dw) than other more polar solvents (ethanol, octanol, 1,8-diazabicyclo-
[5.4.0]-undec-7-ene) but the FAME yield obtained from lipids extracted with hexane could be 
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more than 4.5 times higher at 2.7% (g biodiesel/g dry) [Samorì et al., 2010]. Some microalgae 
can contain up to 93% (g/g lipids) of glyco- and phospho- lipids and 7% (g/g lipids) of simple 
lipids (free fatty acids, triglycerides, etc.) [Williams et Laurens, 2010]. Even if chloroform-
methanol was more effective than hexane to extract lipid, the latter is less toxic [Hara et 
Radin, 1978]. The addition of an alcohol to the hexane phase would probably have increased 
the lipid yield [Halim et al., 2010], but would have complicated the wastewater treatment. 
 
Figure 2.4 Lipid yield as a function of the extraction for lyophilized microalgae lipids 
extraction by reflux in chloroform-methanol and hexane (C: chloroform; M: methanol; 
H:hexane; EW: extracted with water) 
 
The lipid yield obtained with chloroform-methanol reflux followed by an extraction 
with water (Figure 2.4) was not statistically higher than the lipid yield using an extraction with 
chloroform-methanol-water without reflux (Figure 2.3) which indicates that increasing 
temperature does not help to extract more lipids.  
However, the fact that some pretreatment extraction tests (microwave and osmotic 
shock) reached higher values (> 36% (dw)) than chloroform-methanol reflux extracted with 
water would probably mean that the method could still be optimized. A microemulsion was 
not observed for the chloroform-methanol reflux which probably means that polar lipids such 
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as phospholipids [Kabalnov et Wennerström, 1996] were not recovered using chloroform-
methanol reflux extracted with water. This explains why hexane extracted less lipids as 
discussed previously. Therefore, for microalgae with a high phospholipids yield, the 
microemulsion could be reduced with sodium sulphate, centrifugation or sonication [Rintoul, 
2010]. 
Figure 2.5 presents the influence of different solvents on the lipids yield for wet microalgae. 
As seen in Figure 2.5, the yields of extraction crude lipids varied from 24 to 28.9% (dw).  
 
Figure 2.5 Influence of solvents composition for wet microalgae boiling (W: water; I: 
isopropanol; C: chloroform; M: methanol) 
 
Even if water-hexane-isopropanol gave a relatively high lipid yield of extraction (24% (dw)) 
compared to chloroforme-methanol-water extraction (29% (dw)), this solvent mixture should 
be avoided because of the difficulty to identify the different phases after settling. The polarity 
of the lipids contained in the microalgae used in the present study could favour the mixing of 
isopropanol and water into the hexane phase. Thus, even after removing the solvent at 60oC by 
vacuum evaporation, residual water and isopropanol remained with the organic phase. 
Moreover, isopropanol has a higher normal boiling point than methanol (82 versus 65oC), 
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which means that more energy would be required for the extraction. Water also has to be 
removed by drying over sodium sulphate. Nagle et al. [1990] used a supplementary step of 
chloroform-methanol-water extraction to isolate lipids from an hexane extraction.    
2.5.2 Effect of centrifugation 
Figure 2.6 presents the influence of centrifugation on the lipid yield for boiled lyophilized 
microalgae extracted with water-chloroform-methanol (2:1:1, v/v) and water-hexane-methanol 
(5:3:2, v/v).  
As seen in Figure 2.6, the lipid yield obtained varied from 17.8 to 35% (dw). The 
centrifugation caused an increase of the lipid yield from 29 to 35% (dw). Using a water-
methanol-hexane yield the lower yield with 17.8% (dw) even by using a centrifugation to 
break the microemulsion. 
For boiled lyophilized microalgae in water followed by a chloroform-methanol extraction, 
adding a centrifugation increased significantly the lipids yield (35% (dw)) compared with no 
centrifugation (29% (dw)) and reduced the standard deviation of the lipids yield from 4 to 
1.8% (dw). Consequently, the centrifugation is seen as essential to maximize the lipid 
recovery when microalgae are dissolved in water. Some other methods were used to extract 
lipids from a water phase which includes a higher settling time of 18 hours with occasional 
shaking [Lewis et al., 2000] or/and washing with more extracting solvents [Lee et al., 1998]. 
Centrigugation was used in some studies (on a smaller scale) to extract lipids from fresh 
microalgae using different solvents [Samorì et al., 2010; Tran et al., 2009; Pernet et Tremblay, 
2003]. For example, using a microalgae (Botryococcus braunii) concentration of 0.8 g (dw)/L, 
Samorì et al. [2010] used centrifugation to separate the different extraction phases.  
For boiled lyophilized microalgae in water extracted with hexane-methanol, no lipid yield was 
obtained without centrifugation, which could mean that the components at the origin of the 
microemulsion have probably more affinity for hexane than chloroform because the latter is 
more polar than hexane. Moreover, the microemulsion issued from hexane extraction was 
more difficult to mitigate than the microemulsion from chloroform extraction, as the 
centrifugation speed used was higher (3000 vs 2000 rpm).  
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Figure 2.6 Influence of centrifugation on the lipid yield of boiled lyophilized microalgae 
(W: water; C: chloroform; M: methanol; Cent: centrifugation) 
 
2.6 FAME composition 
Figure 2.7 presents the FAME mass composition of the biodiesel produced as a function of the 
physicochemical pretreatment. The FAME mass composition is relatively constant whatever 
the physicochemical pretreatment. The main components were (% w/w): methyl palmitoleate 
(25.7-27.7), methyl eicosapentaenoate (20.0-21.9), methyl palmitate (12.5-14.5) and methyl 
docosahexanoate (9.1-12.0). 
The results demonstrated that the different pretreatments did not interfere with the chemical 
composition of the biodiesel produced. Based on our actual knowledge, even if studies have 
been conducted on the influence of pretreatments on lipid yield determined by gravimetric 
methods [Lee et al., 1998; J. Lee et al., 2010], none of the studies have tested if the biodiesel 
composition was affected by the physicochemical pretreatments. On the other hand, other 
studies have shown that the nature of solvent did not statistically influence the composition of 
the different FAMEs of the biodiesel [Samorì et al., 2010].  
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Figure 2.7 Biodiesel mass composition as a function of the extraction method  
 
The fact that methyl palmitoleate is a major compound (25.7-27.7% w/w) could have some 
advantages. In fact, the cetane number of methyl palmitoleate (51) is higher than the minimal 
required by the ASTM for petrodiesel [National Renewable Energy Laboratory, 2009]. 
However, around 38% (w/w) of the compounds of the biodiesel produced have more than 3 
double bounds. A high content of polyunsaturated compounds (up to 56% (w/w)) have also 
been reported from other studies [Johnson et Wen, 2009; Lewis et al., 2000]. A higher 
polyunsaturated composition of the biodiesel can lead to potential oxidation stability problems 
and a lower cetane number. For increasing the cetane number, it was proposed to hydrogenate 
the microalgae lipids to reduce the content of polyunsaturated compounds [Chisti, 2007; 
ASTM Standard D6751-10, 2010]. To overcome the oxidation stability problems, antioxidants 
(stabilizers) can also be added to increase the life storage of the microalgae biodiesel [Johnson 
et Wen, 2009; ASTM Standard D6751-10, 2010]. 
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2.7 Conclusion 
Le but de cette étude était de comparer plusieurs prétraitements physicochimiques afin 
d’extraire les lipides de microalgues mélangées (Nannochloropsis oculata, Isochrysis galbana 
and Pavlova lutheri) et les transformer en biodiesel. Le rendement moyen en lipides obtenus a 
été de 35% (masse lipides/masse sèche) grâce à un prétraitement utilisant l’ébullition des 
microalgues lyophilisées, un mélange de chloroforme-méthanol comme solvant et une 
séparation par centrifugation. De plus, la centrifugation semble indispensable pour l’extraction 
des lipides afin d’obtenir des résultats reproductibles. 
Étant donné que le rendement en lipides est élevé (35% (masse lipides/masse sèche)), ce 
mélange de microalgues est intéressant pour la production de biodiesel. Malgré les différents 
prétraitements, la composition massique du biodiesel obtenu demeure constante avec l’ester 
méthylique palmitoléate comme principal constituant (28% m/m). Cependant, 38% (m/m) du 
contenu en esters méthyliques d'acide gras (EMAG) était composé d’acides gras polyinsaturés 
(plus de 3 liaisons doubles), ce qui peut avoir un effet négatif sur la stabilité à l’oxydation. La 
stabilité à l’oxydation peut être améliorée en ajoutant des antioxydants. 
2.8 Conclusion 
The goal of this study was to compare several physichochemical pretreatments to extract the 
crude lipids contained in a mixed species of microalgae (Nannochloropsis oculata, Isochrysis 
galbana and Pavlova lutheri) and transform them into biodiesel. The maximum average lipid 
yield obtained was 35% (dw) from boiling pretreatment of lyophilized microalgae with 
chloroform-methanol solvent extraction and centrifugation separation. Moreover, 
centrifugation appeared indispensable for lipid extraction to obtain more reproducible results.  
 As the lipid yield is high (35% (dw)), the blend of microalgae is interesting for 
biodiesel production. Despite the different pretreatments, the mass composition of the 
biodiesel obtained remains constant with methyl palmitoleate as the main constituent with up 
to 28% (w/w). However, 38% (w/w) of the FAME content was composed of polyunsaturated 
fatty acids (more than 3 doubles bonds), which can have a negative impact on the oxidation 
stability. Oxidation stability problem can be mitigated by adding antioxidants.       
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CHAPITRE 3  
PURIFICATION DU BIODIESEL (PARTIE 1) 
 
Avant propos : 
L’article « High-purity biodiesel production from microalgae and added-value lipid extraction: 
A new process » a été publié dans le Journal « Applied Microbiology and Biotechnology » en 
Janvier 2015 (Volume 99, Issue 1, pp 109-119) 
 
TITRE: Production de biodiesel d’une pureté élevée à partir de micro-algues et 
extraction de lipides à valeur ajoutée : un nouveau procédé 
Title: High-purity biodiesel production from microalgae and added-value lipid extraction: 
A new process 
M. Veillette1,2, A. Giroir-Fendler2, N. Faucheux1 & M. Heitz1*  
1Department of Chemical Engineering and Biotechnological Engineering, Engineering 
Faculty, Université de Sherbrooke, 2500 boulevard de l’Université, Sherbrooke, QC, Canada, 
J1K 2R1. 
2Université Lyon 1, CNRS, UMR 5256, IRCELYON, Institut de recherches sur la catalyse et 
l’environnement de Lyon, 2 avenue Albert Einstein, 69626 Villeurbanne Cedex, France 
* Author for correspondence: Telephone 819-821-8000 ext. 62827; Fax 819-821-7955; e-mail: 
Michele.Heitz@USherbrooke.ca 
 
Contribution au document: Cet article est pertinent à la thèse parce qu’il étudie une méthode 
de production et de purification du biodiesel à partir de microalgues. 
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3.1 Résumé 
Un nouveau procédé a été testé afin de produire et purifier le biodiesel à partir de microalgues 
et de récupérer les lipides insaponifiables (à valeur ajoutée). Ce procédé de production du 
biodiesel en 2 étapes inclut une étape de réaction de saponification suivie par une étape 
d’estérification. Le procédé inclut aussi la récupération des lipides insaponifiés entre les 2 
étapes. Parmi les conditions testées, les conditions suivantes se sont avérées les meilleures : 
une température de 90°C (pour les 2 étapes), un temps de saponification de 30 min, un temps 
d’estérification de 30 min, un ratio acide sulfurique/hydroxyde de potassium de 1.21 (w/w) et 
un ratio méthanol-lipides de 13.3 mL/g. Sous ces conditions, le rendement en esters 
méthyliques d’acides gras (EMAG) et la pureté en biodiesel ont été respectivement de 31.9% 
(g EMAG) et de 79.6% (g EMAG/g biodiesel). Cette étude a aussi démontré que le procédé en 
2 étapes permet d’obtenir la composition massique en EMAG suivante : palmitate (27.9-
29.4%), palmitoléate (24.9-26.0%), élaidate (14.8-15.2%) et myristate (12.1-13.0%). 
 
Mots-clés : biodiesel, microalgues, purification, lipides. 
3.2 Abstract 
A new process was tested in order to produce and purify biodiesel from microalgae lipids and 
to recover unsaponifiable (added-value) lipids. This process is a 2-step biodiesel production 
including a saponification reaction step followed by an esterification reaction step. The 
process includes a recovery of the unsaponified lipids between both reaction steps. Among the 
conditions tested, the following conditions were found to be the best: temperature for both 
steps (90oC), saponification time (30 min), esterification time (30 min), sulphuric 
acid/potassium hydroxide: 1.21 (w/w) and methanol-lipid ratio (13.3 mL/g). Under these 
conditions, the fatty acid methyl ester (FAME) yield and the biodiesel purity were respectively 
31.9% (g FAME/g lipid) and 76.9% (g FAME/g biodiesel). This study also showed that the 2-
step biodiesel process allows a FAME mass composition (w/w) rich in palmitate (27.9-
29.4%), palmitoleate (24.9-26.0%), elaidate (14.8-15.2%) and myristate (12.1-13.0%). 
 
Keywords: biodiesel, microalgae, purification, lipids.  
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3.3 Introduction 
Air pollution is one of the main challenges of the 21th century. Among the sources of 
pollution, the transportation sector is responsible for an important part of the world pollution 
such as particle matter, carbon dioxide (CO2), unburned hydrocarbons, carbon monoxide 
(CO), odors and nitrogen oxides (NOx) emissions [Fernando et al., 2006; Twigg, 2007]. For 
example, in Canada (2010), CO2 was the most important greenhouse gas (GHG) whose annual 
emission was 79% of all GHG emissions with 576 Mt eq. CO2 [Environment Canada, 2012]. 
In 2010, the transportation sector was directly responsible for 27 and 28% of the GHG emitted 
in Canada (692 Mt eq. CO2) and in the United States of America (6822 Mt eq. CO2), 
respectively [Environment Canada, 2012; U.S. Environmental Protection Agency, 2012]. In 
Canada, from 1990 to 2010, the emissions linked to the transportation sector increased from 
146 to 195 Mt eq. CO2 [Environment Canada, 2012].  
Furthermore, for the last decade, the fluctuation of petroleum products prices in some 
countries has increased the use of biofuels. For example, in Canada, from September 2003 to 
September 2013, the retail price of regular fuel increased from 75.4 CAN$/L to 130.7 
CAN$/L with a higher value of 136.2 CAN$/L in July 2008 [National Energy Board, 2012; 
Ervin et Associated, 2013].  
In order to reduce fossil fuel consumption of the energy and the transportation sectors, 
biodiesel could be an interesting alternative, as the latter is renewable, biodegradable, non-
toxic and the culture of the raw material consumes CO2 [Demirbas, 2005]. However, most 
biodiesel is produced from raw oleaginous materials which could create problems in terms of 
food security, land pollution and deforestation [Goldemberg et Guardabassi, 2009; National 
Research Council, 2007]. In order to solve these issues, microalgae could be an interesting 
source to produce biodiesel because some species of microalgae can contain up to 80 wt% 
lipids [Chisti, 2007], have production rates that can reach 3.7 g/L/days [Xiong et al., 2008], 
consume CO2 and their culture does not compete with food crops as they are cultivated in 
water. 
Biodiesel from microalgae can be produced under mild conditions (< 100oC, 1 atm) by mixing 
lipids with an alcohol (usually methanol since it is cheaper than other alcohols) [Chisti, 2007] 
and a catalyst (homogenous or heterogeneous) [Koberg et al., 2011a; M. B. Johnson et Wen, 
2009]. For example, for each mole of triglyceride (a kind of lipid) and 3 moles of methanol, 1 
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mole of glycerol and 3 moles of fatty acid methyl ester (FAME) are generated [Van Gerpen, 
2005]. Nowadays, most of the biodiesel is produced by homogenous alkali-catalyzed 
transesterification as this process is 4000 times faster than homogenous acid-catalyzed 
esterification [Fukuda et al., 2001]. However, acid-catalysed esterification is far most effective 
when extracted lipids has a high content of free fatty acids (FFAs) [Lotero et al., 2005] or 
impurities such the ones contained in the raw microalgae lipids that may contain many 
compounds such as chlorophyll [Halim et al., 2010]. Consequently, using the microalgae 
Chlorella mulleri for a reaction time of 6 min at 70oC and a methanol-lipid ratio of 20 mL/g 
lipid, Nagle and Lemke [1990] found that hydrochloric acid (HCl)-catalyzed esterification (0.6 
mole/L) was more effective to transform the microalgae lipids into biodiesel with a yield more 
than 50 times higher than sodium hydroxide (NaOH)-catalyzed (0.6 mole/L) 
transesterification with a maximum biodiesel yield of 68% (g FAME/g lipid). Recently, some 
researchers used a 2-step transesterification process in order to increase the FAME yield 
[Halim et al., 2010; J. Lee et al., 2010] : an alkali-catalysed step allows a more effective 
transesterification of the glycerides and the phospholipids while acid-catalysed step esterified 
the FFAs [Halim et al., 2010].    
Even if some authors affirm that microalgae can contain up to 80 wt% lipids [Chisti, 2007; 
Deng et al., 2009], an important fraction of these lipids cannot be transformed into biodiesel. 
In fact, for each kg of microalgae lipids, the later could contain only 30 to 50 wt% lipids that 
can be transformed into biodiesel and 20 to 40 wt% of insaponifiable lipids [Petkov et al., 
2012]. Consequently, the FAME yield obtained from microalgae is generally lower than the 
one obtained from oleaginous seeds, which can reach near a 100% FAME yield [Gao et al., 
2010; Teng et al., 2009]. As an example, Halim et al. [2010] used a 2-step biodiesel 
transesterification process on  lipids extracted from the microalgae Chlorococcum sp. using 
supercritical CO2 at different pressures (10 to 50 MPa), temperatures (60 to 80
oC), and times 
(20 to 80 min). First, they used variable lipid amounts from 0.5 à 1.2 g lipid in 21 mL of 
sulfuric acid (H2SO4) in methanol (0.48 wt%) at 50
oC for 120 min (manual stirring). Then, 
they added potassium methoxide (CH3OK) (25 wt%) in methanol until a pH of 13 was reached 
and kept the reaction temperature at 50 oC for an additional 120 min (manual stirring). Under 
these experimental conditions, Halim et al. [2010] obtained FAME yields ranging from 23 to 
44% (g FAME/g lipid), depending of the extraction conditions. Few studies have reported the 
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purity of biodiesel obtained from microalgae lipids or the recovery of the unsaponifiable 
compounds. Among these studies, Johnson et al. [2009] used heterotrophic microalgae 
(Schizochytrium limacinum) to produce biodiesel without any purification step. The authors 
used 5.9 mL methanol/g lipid of a 17 vol% H2SO4-methanol solution (grade not specified) at 
90oC for 40 min and obtained a biodiesel purity of 66% (g FAME/g biodiesel). Consequently, 
according our best knowledge, few studies have focused on biodiesel purification. 
The main objective of the present study was therefore to compare conventional homogenous 
transesterification (1-step) and a new process involving a 2-step transesterification process. 
The second objective was to test the effect of reaction time, temperature, acid concentration, 
alkali concentration and methanol-lipid ratio on FAME yield, unsaponifiable lipid yield and 
biodiesel purity. 
3.4 Materials and methods 
3.4.1 Feedstock and chemicals 
Frozen microalgae (-20oC) provided by NutrOcéan Canada inc. (Rimouski, Canada) were a 
blend of the following species: Nannochloropsis oculata, Isochrysis galbana and Pavlova 
lutheri. The proximate analysis of the microalgae blend was determined using the wet weight, 
the dry weight (dw) (oven, 105oC) and the calcinated weight (oven, 500oC) of 3 samples as 
described elsewhere [Veillette et al., 2011]. Tableau 3.1 presents the proximate analysis of the 
microalgae blend. Certified ACS grade solvents methanol (CH3OH) and hexane (C6H14)) and 
89.6 wt% potassium hydroxide (KOH)) were supplied by Fisher Scientific inc. (Ottawa, 
Canada). Sulfuric acid (H2SO4) (95-98 wt%) and sodium sulphate (Na2SO4) (99.0 wt%) were 
provided by Anachemia (Lachine, Canada). Frozen microalgae were lyophilised using a Virtis 
specimen freeze drier (model 24DX24, Gardiner, New York, USA) for 1-2 days.  
Saponification and esterification reactions were carried out using a 23 mm inlet diameter 
cylindrical shaped reactor (height: 57 mm) with magnetic stirring at 100 rpm throughout the 
experiments. The reactor temperature was kept constant (temperatures were varied between 30 
and 90oC) with a temperature-controlled water bath (±2oC).     
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Tableau 3.1 Elemental composition of the microalgae blend used in this study 
 % (w/w) 
Moisture 83.90±0.05 
Solids 16.10±0.05 
Volatile matter 12.80±0.30 
Ash 3.30±0.25 
 
3.4.2 Lipid extraction 
Frozen microalgae were lyophilized at -50oC for less than 2 days. In typical experiments, the 
lipids were extracted from lyophilized microalgae using a conventional Soxhlet appartus. 
Twelve grams of lyophilized microalgae contained into a Whatman® (33x99 mm) cellulose 
thimble (Anachemia Science, Montreal, Canada) were extracted using 140 mL of hexane for 
2h (20 reflux). Then, the solvent was evaporated (65oC) and the lipids were weighted using an 
electronic scale. An average lipid yield of 22.4±0.6% (g lipid/ g dry microalgae) was obtained. 
The lipids were blended with hexane (33 mL/g lipid) using magnetic stirring (to ensure the 
uniformity of each fraction) and split into equal fractions (9 mL). Then, the organic solvent 
from each fraction was evaporated at 65oC under vacuum and the lipids were weighted using 
an electronic scale. 
3.4.3 Two-step biodiesel production: general process 
The biodiesel was produced according to the following reactions: 
Reaction 1: saponification 
𝑙𝑖𝑝𝑖𝑑𝑠 + 𝐾𝑂𝐻→𝑠𝑎𝑝𝑜𝑛𝑖𝑓𝑖𝑒𝑑 𝑙𝑖𝑝𝑖𝑑𝑠 + 𝑃𝑐 (3.1) 
Reaction 2: esterification  
 𝑠𝑎𝑝𝑜𝑛𝑖𝑓𝑖𝑒𝑑 𝑙𝑖𝑝𝑖𝑑𝑠 +  𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙+
1
2
𝐻2𝑆𝑂4 →  𝐹𝐴𝑀𝐸 +
1
2
𝐾2𝑆𝑂4 + 𝑃𝑐 
(3.2) 
where Pc are polar compounds that could be present depending of the lipid nature such as 
water, glycerol, etc. 
Figure 3.1 presents the general diagram used for 2-step biodiesel production. One (s) mL of 
hexane was added to lipid fractions (0.25 – 0.30 g) in order to “enhance the reaction kinetics 
during methanolic alkylation” [Halim et al., 2010].  
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Figure 3.1 Block diagram of the 2-step biodiesel production process 
 
Then, the blend was submitted to a saponification reaction using a KOH-methanol solution 
(step 1). The reactor was cooled off and the unsaponified lipids were recovered using 3x5 mL 
of hexane. The hexane-lipid fraction was recovered and the solvent was evaporated under 
vacuum at 65oC. The mass of unsaponified lipids obtained was determined using an electronic 
scale and expressed as a function of the initial mass of lipids. The saponified lipids, methanol 
and remaining hexane were submitted to an acid esterification reaction (step 2) using a volume 
of H2SO4-methanol solution identical to the volume of KOH-methanol used for the 
saponification reaction (step 1).   
Tableau 3.2 presents the experimental conditions for the 2-step biodiesel production process. 
 Effect of saponification time on a 2-step process 
In these experiments, the methanol-lipid ratio, the temperature, the KOH concentration in 
methanol and the total reaction time (saponification + esterification) were kept constant at 13.3 
mL/g lipid, 90oC, 5.9 wt% and 60 min, respectively. For the esterification reaction, a 10 wt% 
H2SO4 concentration in methanol was used (a KOH/H2SO4 mass ratio of 1.7). Four (4) 
saponification times were tested: 20, 30, 40 and 50 min. As a matter of comparison, 1-step 
homogenous catalysis was also tested using a methanol-lipid ratio of 13.3 mL/g lipid, a 
temperature of 90oC and a 60 min reaction time. Potassium hydroxide (KOH) and H2SO4 
respective concentrations in methanol of 2.9 and 5 wt% were used in order to maintain the 
same amount of reactants.  
 Effect of temperature on a 2-step process 
The experiments were carried out at respective saponification and esterification times of 30 
min (each). In these experiments, the KOH and H2SO4 concentrations in methanol were 
respectively 5.9 and 10 wt% with a constant total methanol-lipid ratio of 13.3 mL/g lipid. For 
these experiments, 4 reaction temperatures were used: 30, 50, 70 and 90oC. 
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 Effect of alkali concentration in methanol (constant alkali/acid mass ratio) on a 2-
step process 
In order to determine the effect of alkali concentration (saponification), 5 KOH concentrations 
in methanol were used: 1.5, 2.9, 4.4, 5.9 and 7.3 wt% with a constant H2SO4-KOH mass ratio 
of 1.372 for the 2nd step (esterification). The experiments were carried out at a temperature of 
90oC with a methanol-lipid ratio 13.3 mL/g lipid. The saponification and esterification times 
were kept constant at 30 min (each). 
 Effect of H2SO4 concentration on a 2-step process 
The effect the H2SO4 concentration (step 2) was performed at 2 different KOH concentrations 
(step 1) of 4.4 and 7.3 wt%. The experimental parameters that were held constant were: 
temperature (90oC), methanol-lipid ratio (13.3 mL/g lipid), saponification and esterification 
times (30 min each). For a KOH concentration in methanol of 4.4 wt%, the following H2SO4 
concentrations in methanol were tested: 2.5, 5.0, 5.3, 5.6, 6.2 and 7.5 wt%. For a KOH 
concentration in methanol of 7.3 wt%, the following H2SO4 concentrations were tested: 5.0, 
7.5, 7.8, 8.1, 8.8, 10.0 and 12.5 wt%. 
 Effect of ratio methanol/lipid on the 2-step process 
The tests concerning the effect of methanol-lipid ratio were performed with 4 ratios: 6.7, 10.0, 
13.3 and 26.6 mL/g lipid. The temperature, the saponification and esterification times were 
respectively 90oC and 30 min each. The KOH and H2SO4 concentrations in methanol were 
respectively 5.9 and 10.0 wt%. 
3.4.4 Biodiesel recovery and purification 
Biodiesel was recovered using 3x5 mL of hexane. The hexane fraction containing biodiesel 
was transferred into a separation funnel. Five (5) mL of water was used to wash the biodiesel 
obtained. The organic phase was dried over N2SO4 and filtered under vacuum. Hexane was 
evaporated at 65oC under vacuum. The red-orange liquid (biodiesel) obtained was analyzed by 
gas chromatography.  
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Tableau 3.2 Experimental conditions for the 2-step biodiesel production process 
Effect 
KOH 
concentration 
in methanol 
(wt%) 
H2SO4 
concentration in 
methanol 
(wt%) 
Methanol/lipid 
ratio 
 
(mL/g) 
Saponification 
time 
 
(min) 
Esterification 
time 
 
(min) 
Temperature 
 
 
(oC) 
 
Saponification 
time 
5.9 10.0 13.3 20-50 10-40 90 
 
Temperature 
 
5.9 
 
10.0 
 
13.3 
 
30 
 
30 
 
30-90 
 
KOH 
concentration 
 
1.5-7.3 
 
2.5-12.5 
 
13.3 
 
30 
 
30 
 
90 
 
H2SO4 
concentration 
4.4 and 7.3 2.5-12.5 13.3 30 30 90 
 
Methanol-lipid 
Ratio 
4.4 7.5 6.5-26.6 30 30 90 
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3.4.5 Biodiesel analysis 
The FAME qualitative composition of biodiesel was determined using a Varian-3800 gas 
chromatograph equipped with a mass spectrometer (Varian Inc, Canada). A standard of 37 
FAMEs (Supelco, 18919-1AMP) was used for FAME identification. One L of hexane-
biodiesel was injected in a DB-225 cyanopropylphenyl-dimethylpolysiloxane capillary column 
(30m x 0.25mm I.D., 0.25m film thickness). Helium, used as carrier gas, was set to a flow 
rate of 2.2 mL/min with a split ratio of 100:1. The oven was heated at 70ºC for 1 min, from 70 
to 180ºC at 20ºC/min, from 180 to 220ºC at 3ºC/min and maintained at 220ºC for 1 min. The 
FAME quantitative composition was determined using a flame ionisation detector (FID) and 
methyl heptadecanoate (C17:0) (Fluka, Milwaukee, USA) was used as an internal standard. 
Pure hydrogen gas (H2) was used to feed the FID at a temperature of 240
oC and nitrogen was 
used as a make-up gas at a flow rate of 30 mL/min.  
All the biodiesel experiments were performed in triplicate. 
3.5 Results  
3.5.1 Comparison between 1-step process and 2-step process, and the effect 
of saponification time 
Tableau 3.3 presents the comparison between 1-step processes (acid or alkali) and the 2-step 
process (alkali and acid) for a temperature of 90oC, a reaction time of 60 min and a methanol-
lipid ratio of 13.3 mL/g.  
According to Tableau 3.3, 1-step alkali and 1-step acid processes resulted in respective 
biodiesel yields of 0 and 22% (g FAME/g lipid). For 1-step acid process, the purity of the 
biodiesel produced was 31% (g FAME/g lipid).  
Figure 3.2a presents the FAME yield, the unsaponified lipid yield and purity of the biodiesel 
produced as a function of the saponification time for the 2-step biodiesel process. When 
increasing the saponification time from 20 to 50 minutes, the FAME yield and the 
unsaponified lipid yield decreased respectively from 28 to 18% (g FAME/g lipid) and from 37 
to 24% (g/g lipid) while the biodiesel purity varied from 63 to 72% (g FAME/g biodiesel).     
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Figure 3.2b presents the FAME composition of the biodiesel produced as a function of the 
saponification time. The following FAME compositions (wt%) were obtained: palmitate 
(27.9-29.4), palmitoleate (24.9-26.0), elaidate (14.8-15.2) et myristate (12.1-13.0).  
3.5.2 Effect of temperature on the 2-step process 
Figure 3.3 presents the FAME yield, the unsaponified lipid yield and purity of the biodiesel 
produced as a function of the temperature for a saponification time of 30 min, an esterification 
time of 30 min and a methanol-lipid ratio of 13.3 mL/g lipid (respective KOH and H2SO4 
concentration in methanol of 5.9 and 10 wt%). As seen in Figure 3.3, for an increase of 
temperature from 30 to 90oC, the FAME yield increased from 7 to 27% (g FAME/g lipid) 
while the biodiesel purity increased from 39 to 72% (g FAME/g biodiesel). For the same 
temperature range, the unsaponified lipid yield linearly decreased from 63 to 37% (g/g lipid). 
 
Tableau 3.3 Comparison of 1-step processes (acid or alkali) with the 2-step production 
process*  
Process  FAME yield  
% (g FAME/g lipid)  
Biodiesel purity  
% (g FAME/g biodiesel)  
1-step (alkali)  0  0  
1-step (acid)  22  31  
2-step (alkali and acid)  18-28 62-72  
*Temperature: 90oC; total reaction time: 60 min; methanol-lipid ratio: 13.3 mL/g 
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a)  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 a) FAME yield, unsaponified lipid yield, biodiesel purity and b) FAME 
composition as a function of saponification time; temperature: 90°C; KOH and H2SO4 
concentrations in methanol were respectively 5.9 and 10.0 wt% ; methanol-lipid ratio: 13.3 
mL/g. 
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Figure 3.3 FAME yield, unsaponified lipid yield and biodiesel purity as a function of 
temperature; saponification time: 30 min; esterification time: 30 min; KOH and H2SO4 
concentrations in methanol were respectively 5.9 and 10.0 wt%; methanol-lipid ratio: 13.3 
mL/g. 
3.5.3 Effect of alkali concentration (constant H2SO4/KOH mass ratio) on 
the 2-step process 
Figure 3.4 presents the FAME yield, the unsaponified lipid yield and purity of the biodiesel 
produced by the 2-step process as a function of the KOH concentration in methanol (constant 
H2SO4/KOH mass ratio of 1.372) for a temperature of 90
oC, a saponification time of 30 min, 
an esterification time of 30 min and a methanol-lipid ratio of 13.3 mL/g. For an increase of the 
KOH concentration in methanol from 1.5 to 7.3 wt%, the FAME yield increased from 15 to 
33% (g FAME/g lipid) while the biodiesel purity increased from 59 to 80% (g FAME/g 
biodiesel). For the same range of KOH concentrations in methanol, the unsaponified lipid 
yield decreased from 67 to 38% (g/g lipid).  
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Figure 3.4 FAME yield, unsaponified lipid yield and biodiesel purity as function the KOH 
concentration in methanol for a constant H2SO4/KOH mass ratio (1.372); temperature: 
90°C; saponification time: 30 min; esterification time: 30 min; methanol-lipid ratio: 13.3 
mL/g. 
 
3.5.4 Effect of H2SO4 concentration (constant KOH concentration in 
methanol) on the 2-step process 
Figure 3.5a shows the FAME yield, the unsaponified lipid yield and the purity of the biodiesel 
produced by the 2-step process as a function of the H2SO4/KOH mass ratio for a KOH 
concentration in methanol of 7.3 wt%, a saponification time of 30 min, an esterification time 
of 30 min, a temperature of 90oC and a methanol-lipid ratio of 13.3 mL/g. For a H2SO4/KOH 
mass ratio ranging from 0.34 to 1.03, the 2-step biodiesel production showed low FAME 
yields (max 2% g FAME/g lipid). For an increase of H2SO4/KOH mass ratio ranging from 
1.03 to 1.11, the FAME yield increased from 2 to 31% (g FAME/g lipid) while the biodiesel 
purity also increased from 5 to 72% (g FAME/g biodiesel). Over a H2SO4/KOH mass ratio of 
1.11, the FAME yield and the biodiesel purity remain relatively constant, which varied from 
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24 to 33% (g FAME/g lipids) and 63 to 80% (g FAME/g biodiesel), respectively. It has to be 
noted that at a H2SO4/KOH mass ratio of 1.37, the FAME yield (24% (g FAME/g lipid)) and 
biodiesel purity (63% (g FAME/g biodiesel)) were significantly lower than the values of 
FAME yield (31% g FAME/g lipid) and biodiesel purity (63% g FAME/g biodiesel) observed 
at a H2SO4/KOH mass ratio of 1.11. For a H2SO4/KOH mass ratio ranging from 0.34 to 1.37, 
the unsaponified lipid yield remained relatively stable at 46±4% (g/g lipid), except for a 
H2SO4/KOH mass ratio of 1.09 with an unsaponified lipid yield of 59% (g/g lipid), 
respectively.  
 Figure 3.5b shows the FAME yield, the unsaponified lipid yield and purity of the biodiesel 
produced by the 2-step process as a function of the H2SO4/KOH mass ratio for a KOH 
concentration in methanol of 4.4 wt%, a saponification time of 30 min, an esterification time 
of 30 min and a methanol-lipid ratio of 13.3 mL/g. For H2SO4/KOH mass ratio lower than 
1.16, no significant FAME yield was observed (maximum of 2% (g FAME/g lipid)). For a 
H2SO4/KOH mass ratio ranging from 1.16 to 1.31, the FAME yield increased from 2 to 31% 
(g FAME/g lipid) while the biodiesel purity increased from 7 to 80% (g FAME/g biodiesel). 
Over this H2SO4/KOH mass ratio (1.31), the FAME yield remained stable at 29±1% (g 
biodiesel/g lipid). For a H2SO4/KOH mass ratio ranging from 0.58 to 1.75, the unsaponified 
lipid yield remained relatively stable at about 50% (g/g lipid) except for a H2SO4/KOH mass 
ratio of 1.31 with a unsaponified yield of 68% (g/g lipid). 
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Figure 3.5 FAME yield, unsaponified lipid yield and biodiesel purity as a function of the 
H2SO4/KOH mass ratio; temperature: 90°C ; saponification time: 30 min; esterification time: 
30 min; methanol-lipid ratio: 13.3 mL/g; KOH concentration in methanol: a) 7.3 wt%; b) 4.4 
wt%. 
3.5.5 Effect of ratio methanol/lipid on the 2-step process 
Figure 3.6 presents the FAME yield, the unsaponified lipid yield and purity of the biodiesel 
produced as a function of the methanol-lipid ratio for a saponification time of 30 min, an 
esterification time of 30 min and respective KOH and H2SO4 in methanol of 4.4 and 7.5 wt%. 
For methanol-lipid ratios ranging from 7 to 27 mL/g, the FAME yield increased from 13 to 
32% and biodiesel purity remained stable at 75±7% (g FAME/g biodiesel) except for 
methanol-lipid ratio of 10 mL/g with a biodiesel purity of 87% (g FAME/g biodiesel). For the 
same range of methanol-lipid ratio, the unsaponified lipid yield decreased from 71 to 41% (g/g 
lipid).  
0
10
20
30
40
50
60
70
80
90
0
10
20
30
40
50
60
70
80
0.0 0.5 1.0 1.5 2.0
P
ur
it
y 
(%
)
Yi
el
d 
(%
)
H2SO4/KOH  (w/w)
FAME yield (g FAME/g lipid) Unsaponified lipid yield (g/g lipid)
Purity (g FAME/g biodiesel)
  
90 
 
 
Figure 3.6 FAME yield, unsaponified lipid yield and biodiesel purity as a function of 
methanol-lipid ratio; temperature: 90°C; saponification time: 30 min; esterification time: 
30 min; respective KOH and H2SO4 in methanol of 4.4 wt% and 7.5 wt%. 
 
3.6 Discussion 
3.6.1 Comparison between 1-step process and 2-step process, and the effect 
of saponification time 
With a relatively high concentration of KOH in methanol (5.9 wt%), a relatively high 
temperature (90oC) and a high content of impurities (chlorophyll, FFAs, etc.) that favor the 
formation of soap, a FAME yield of 0% (g FAME/g lipid) for 1-step alkali transesterification 
was not surprising (Tableau 3.3). Using the microalgae Chlorella mulleri, Nagle and Lemke 
[1990] compared NaOH and HCl as catalysts in order to produce biodiesel in TeflonTM test 
tubes. For a reaction time of 6 min, a temperature of 70oC, a methanol-lipid ratio of 20 mL/g 
and respective HCl and NaOH concentrations in methanol of 0.12 and 0.6 mol/L, they found 
that NaOH was not effective to convert microalgae lipids into biodiesel. They obtained a 
FAME yield of 1.3% (g FAME/g lipid) with NaOH compared to a FAME yield of 68% (g 
FAME/g lipid) with HCl transesterification. Consequently, the fact that 1-step acid 
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transesterification resulted in a higher FAME yield compared to 1-step alkali 
transesterification could be due to the high FFAs content of the microalgae lipids, as it was 
also observed with wasted cooking oils transesterification [Lam et al., 2010]. Moreover, even 
if alkali homogenous-catalyzed transesterification of triglycerides is up to 4000 times faster 
than acid homogenous-catalyzed transesterification [Fukuda et al., 2001], alkali catalysts 
(such as NaOH) are not able to transform FFAs into FAME which results to soap formation 
[Singh et al., 2006; Aranda et al., 2008]. 
The fact that most of the saponification times for the 2-step biodiesel process resulted in a 
higher FAME yield (up to 27% higher) than 1-step homogenous acid catalyzed biodiesel 
process could be due to the saponification reaction (alkali step) which helped the conversion 
of triglycerides. In fact, the reaction rate for the triglyceride conversion could be slower than 
the reaction rate for the conversion of FFAs into FAME. For example, Boucher et al. [2008] 
used H2SO4 (1 wt% compared to oil) as a catalyst with methanol to convert triglycerides 
(molar ratio methanol: oil (6:1)) and FFAs. For reaction times ranging from 0 to 30 min, the 
triglyceride and the FFAs conversions were respectively 6 and 96%. 
As seen in Figure 3.2a (2-step process), when increasing the saponification time from 20 to 50 
min, the FAME yield of the biodiesel produced decreased from 28 to 18% (g FAME/g lipid) 
and the biodiesel purity remained stable at 67±4% (g FAME/g biodiesel). This phenomenon 
could be explained by the fact that the esterification time was decreased from 40 to 10 
minutes. Similar results have been obtained by Boucher et al. [2008] during waste vegetable 
oil transesterification. They used H2SO4 as a catalyst (1 wt% to triglycerides) at a temperature 
of 70oC to transform vegetable oils into biodiesel with methanol (molar ratio methanol to 
triglyceride 6 to 1) as a catalyst. The authors found that by increasing the reaction time from 0 
to 30 min, the FFAs conversion increased from 0 to 96%.  
As observed in Figure 3.2b, the main components of the biodiesel produced were mainly 
saturated (myristate and palmitate: around 40 wt%) and monosaturated (palmitoleate, elaidate 
and oleate: around 40 wt%) FAMEs. Some studies showed that microalgae biodiesel could 
result in a high content in polyunsaturated FAMEs (>56 wt%) [Johnson et Wen, 2009; Lewis 
et al., 2000]. In the present study, the content of polyunsaturated FAMEs obtained was lower 
than the literature values with a maximum value of 13.4±0.6 wt% ; slightly lower values were 
obtained for 1-step transesterification (11.6±1.1 wt%) (data not shown). Consequently, the 
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biodiesel produced with the current microalgae blend would have a higher cetane number 
(CN), heating value and oxidation stability than other microalgae species [Veillette et al., 
2012].  
3.6.2 Effect of temperature on the 2-step process 
The fact that the FAME yield increased with the temperature (Figure 3.3) could be attributable 
to several factors such as lipid solubility, enhanced kinetic, etc.. The first factor is the 
solubility of lipids (as those of microalgae) in methanol which increases as a function of the 
reaction temperature [Canakci et Van Gerpen, 2001]. The second and most important reason is 
that the temperature enhances the kinetic of the lipid conversion especially through 
saponification [Vicente et al., 1998]. In a study about alkaline biodiesel production from 
canola oil, Singh et al. [2006] increased the temperature from 40 to 60oC, while the methanol-
oil molar ratio and the catalyst concentration (KOH) were respectively increased from 3 to 6 
and from 0.63 to 1.90 wt%. Under these experimental conditions, the soap content increased 
from 1.2 to 3.9 wt% (significant effect of temperature using ANOVA). The FAME yield 
stabilization at higher temperatures (between 70 and 90oC) is probably due to the fact that the 
normal boiling point of the mixture (methanol, lipids, FAME, H2SO4, salts) was reached and 
the temperature could not increase anymore (methanol has a normal boiling point of 64.7oC 
[Sendzikiene et al., 2004]). On the other hand, the fact that ions (sulfate and potassium) were 
dissolved in methanol increase the normal boiling point because no boiling was observed at 
70oC (visually) in the present study.  
3.6.3 Effect of alkali concentration (constant H2SO4/KOH mass ratio) on 
the 2-step process 
Figure 3.4 shows that the unsaponified lipid yield decreased with the increase of the KOH 
concentration (1st step) which indicates that the alkali concentration in methanol has an 
important effect on the saponification reaction. As an example, varying the temperature and 
the methanol-oil molar ratio from 40 to 60oC and from 3 to 6 (respectively), Singh et al. 
[2006] increased the NaOH concentration (0.45 to 1.35 wt%) and observed an increase of soap 
content from 0.9 to 1.5 wt% (significant effect of temperature on soap formation using 
ANOVA test). 
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Increasing the KOH concentration in methanol over 4.4 wt% had a lesser effect on the FAME 
yield, as the latter varied from 29 to 33% (g FAME/g lipid). This could be due to the increase 
of water production enhanced with the increase of the KOH concentration and that could slow 
the esterification reaction [Di Serio et al., 2005; Liu et al., 2006]. The fact that the biodiesel 
purity increased from 59 to 80% (g FAME/g biodiesel) following an increase of KOH 
concentration in methanol from 1.5 to 7.3 wt% is mainly due to the increase of FAME yield 
discussed previously. 
3.6.4 Effect of H2SO4 concentration (constant KOH concentration in 
methanol) on the 2-step process 
Figure 3.5a demonstrates that a minimum H2SO4 concentration is required to obtain a 
significant FAME production. A small range of H2SO4/KOH mass ratio (from 1.03 to 1.11) 
allows reaching a maximum conversion of saponified lipids into FAME (31% (g FAME/g 
lipid)). To our best knowledge, no study tested the effect of H2SO4 concentration in methanol 
on the conversion of saponified lipids into biodiesel (2nd reaction step). The results obtained in 
the present study indicate that the H2SO4 concentration in methanol has an important effect on 
the FAME yield. 
On the other hand, the fact that the FAME yield remained constant for high H2SO4/KOH 
concentrations (>1.1 g H2SO4/g KOH) means that the H2SO4 concentration does not increase 
the saponified lipids conversion into FAME. In a study about biodiesel production by 
esterification of palm fatty acid distillate, Chongkhong et al. [2007] used a reaction time of 2h, 
a temperature of 90oC and a methanol-palm fatty acid molar ratio of 4.3:1. For a H2SO4 mass 
ratio in methanol ranging from 0 to 0.25 wt%, they obtained an increase of the FAME content 
from 8 to 91 wt%. They also tested H2SO4 concentrations in methanol up to 6 wt% and the 
FAME content varied from 91 to 94 wt%. Consequently, increasing the H2SO4 concentration 
has positive effect on an esterification reaction until a limit (different for each study) where 
the FAME production remains relatively constant.  
Figures 3.5a and 3.5b followed the same tendency even if the value of H2SO4/KOH mass ratio 
required to reach the same level of FAME yield were different. For example, the minimal 
mass ratio H2SO4/KOH required to obtain a higher FAME yield than 29% (g FAME/g lipid) 
was higher for a KOH concentration in methanol of 7.3 wt% (Figure 3.5a) (1.3) than for 4.4 
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wt% (Figure 3.5b) (1.1). This may mean that a higher KOH concentration in methanol 
produces more water that could interfere with the saponified compounds conversion into 
biodiesel as water favors the reverse reaction (2nd reaction step) [Di Serio et al., 2005; Y. Liu 
et al., 2006]. As an example, in a study on esterification of acetic acid at 60oC, Lui et al. 
[2006] increased the water concentration from 0.44 to 9.2 mol/L and observed that the 
presence of water strongly reduced (-91%) the kinetic constant of esterification of acetic acid 
which decreased from 0.66 to 0.06 L2/(mol methanol-min-mol H2SO4). In the present study, 
these results might mean that the esterification of saponified lipids (2nd step) is an equilibrium 
reaction. 
3.6.5 Effect of ratio methanol/lipid on the 2-step process 
Figure 3.6 shows a relationship between unsaponified lipid yield and FAME yield. In fact, a 
higher methanol-lipid ratio tended to increase the saponified compounds (as the unsaponified 
lipids yield decreased) which has an influence of the FAME yield. Methanol has also an effect 
on the saponification reaction during the transesterification of vegetable oils. For example, 
using variable temperatures ranging from 40 to 60oC and catalyst concentrations (potassium 
methoxide (KOCH3)) ranging from 0.8 to 2.4 wt%, Singh et al. [2006] increased the 
methanol-oil molar ratio from 3 to 6 and found an increase of soap yield from 0.7 to 1.5 wt% 
(significant effect of the methanol-oil molar ratio using ANOVA). Consequently, increasing 
the methanol-lipid ratio has a positive effect on the 1st reaction step even if methanol is not a 
reactant in soap production. 
The stabilisation of lipid conversion at high methanol-lipid ratios (methanol-FFAs molar ratio 
higher than 9) was also observed in a 2-step biodiesel production from rubber seed oil 
containing a high amount of FFAs [Patil et Deng, 2009; Ramadhas et al., 2005; Yusup et 
Khan, 2010]. As an example, using an acid esterification at a reaction temperature of 50oC 
(with a H2SO4 concentration of 0.5% (units unspecified by the authors) and a reaction time of 
20-30 min) followed by an alkali transesterification temperature of 45oC (with an NaOH 
concentration of 0.5% (units unspecified by the authors) and a 30 min reaction time), 
Ramadhas et al. [2005] increased the methanol-oil molar ratio from 6 to 9 and observed an 
increase of the FFAs conversion from 60 to 99%. For a methanol-oil molar ratio from 9 to 15, 
the conversion remains stable at 99%. 
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3.7 Conclusion 
Afin de purifier le biodiesel et récupérer les composés à valeur ajoutée contenus dans les 
lipides des microalgues, un nouveau procédé en 2 étapes a été testé. Ce procédé en 2 étapes 
inclut une étape de saponification (KOH) suivie par une récupération des lipides 
insaponifiables avec de l’hexane. Ensuite, une étape acide d’estérification (H2SO4) transforme 
les lipides saponifiés en biodiesel. La présente étude démontre que plusieurs facteurs 
influencent le rendement en esters méthyliques d’acides gras (EMAG), la pureté du biodiesel 
et la récupération des lipides insaponifiés : le temps de réaction, la température, les 
concentrations de KOH et de H2SO4 et le ratio méthanol-lipides. Pour la réaction en 2 étapes, 
le meilleur rendement en EMAG (32% (g EMAG/g lipide) avec une pureté de 77% (g 
EMAG/g biodiesel) a été obtenu avec les conditions suivantes: 90oC; H2SO4/KOH: 1.21 
(m/m); temps de saponification: 30 min; temps d’estérification: 30 min; ratio méthanol-lipide: 
13.3 mL/g. En comparaison avec le procédé en 2 étapes, une catalyse homogène acide en 1 
étape a permis d’obtenir un rendement en EMAG de 22% (g EMAG/g lipide) avec une pureté 
du biodiesel produit de 31% (g EMAG/g biodiesel) et aucune récupération des lipides 
insaponifiés. La présente étude démontre que le biodiesel et les lipides insaponifiés peuvent 
être récupérés en utilisant un procédé relativement simple en 2 étapes. 
3.8 Conclusion 
In order to purify biodiesel and recover added-value compounds contained in microalgae 
lipids, a new 2-step biodiesel process was tested. This 2-step process mainly includes an alkali 
saponification step (KOH) followed by a hexane recovery of the unsaponifiable lipids. Then, 
an acid esterification step (H2SO4) transforms the saponified lipids into FAME. The present 
study shows that many factors had an influence of the FAME yield, the biodiesel purity and 
the unsaponified lipids recovery: reaction time, temperature, KOH and H2SO4 concentrations, 
and methanol-lipid ratio were investigated. For 2-step transesterification, the optimum FAME 
yield (32% (g FAME/g lipid) with a purity of 77% (g FAME/g biodiesel)) was obtained with 
the following conditions: 90oC; H2SO4/KOH: 1.21 (w/w); saponification time: 30 min; 
esterification time: 30 min; methanol-lipid ratio: 13.3 mL/g. Compared to a 2-step 
transesterification, homogenous acid catalyzed 1-step esterification allowed to obtain a FAME 
yield of 22% (g FAME/g lipid) with a biodiesel purity of 31% (g FAME/g biodiesel) and no 
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recovery of unsaponified compounds. The present study shows that biodiesel and unsaponified 
lipids can be recovered by a relatively simple 2-step process. 
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CHAPITRE 4  
PURIFICATION DU BIODIESEL (PARTIE 2) 
 
Avant propos : 
L’article « Biodiesel production and unsaponified lipids extraction from microalgae: an 
experimental study » a été accepté dans le Journal « Current Biotechnology » en septembre 
2015  
 
TITRE: Production de biodiesel et extraction des lipides insaponifiés des microalgues : une 
étude expérimentale 
TITLE: Biodiesel production and unsaponified lipids extraction from microalgae: an 
experimental study 
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Contribution au document: Cet article est pertinent à la thèse parce qu’il étudie des 
méthodes de production et de purification du biodiesel à partir de microalgues. 
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4.1 Résumé  
Les microalgues sont une matière première prometteuse dans la production de biocarburants, 
étant donné que leur culture n’entre pas en compétition avec les cultures alimentaires. Afin de 
rendre le procédé de production de biodiesel rentable, un procédé a été testé, lequel consiste à 
séparer les composés insaponifiables (tels que les caroténoïdes) du biodiesel produit.  
Le procédé débute avec une 1ère étape alcaline (saponification) impliquant une réaction entre 
les lipides des microalgues et l’hydroxyde de potassium (KOH) (1.26 mmol OH-/g méthanol) 
suivie par une 2e étape de réaction acide (estérification) en utilisant de l’acide sulfurique 
(H2SO4) (1.65 mmol H
+/g méthanol) avec un ratio méthanol-lipide de 13 mL/g. Entre les 2 
étapes de réaction, une extraction par solvant (hexane) sépare les lipides insaponifiés du 
mélange réactionnel. Ce procédé en 2 étapes a résulté en un rendement en esters méthyliques 
d’acides gras (EMAG) de 91 g EMAG/ biomasse sèche, une pureté en biodiesel de 260 mmol 
EMAG/100 g biodiesel et un rendement en lipides insaponifiés de 170 g lipide/kg biomasse 
sèche. En comparaison avec un procédé de purification de cristallisation utilisant de l’hexane à 
0°C comme solvant et les mêmes conditions de production de biodiesel, ce procédé a permis 
d’obtenir un rendement en EMAG de 34.8 g FAME/kg biomasse sèche avec une pureté de 
52.2 mmol EMAG/100 g biodiesel. Le procédé en 2 étapes testé dans cette étude a permis 
d’atteindre un plus haut rendement et une meilleure pureté en EMAG. Bien que ce procédé en 
2 étapes produise une importante quantité de sels (4.8 kg de sulfate de sodium (K2SO4)/kg 
EMAG), pour les meilleures conditions testées, en comparaison avec une transestérification 
des huiles végétales utilisant un procédé conventionnel homogène en 1 étape (0.03 kg 
K2SO4/kg EMAG), ce nouveau procédé est efficace et simple, et pourrait aider à rendre un 
procédé de production de biodiesel à partir de microalgues rentable. 
 
Mots-clés : biodiesel, microalgues, purification, lipides, cristallisation 
 
4.2 Abstract 
Microalgae are a promising feedstock to produce biofuels such as biodiesel, since their culture 
does not compete with food crops. In order to make a microalgae biodiesel process cost 
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effective, a biodiesel production process has been tested which consists in separating the 
microalgae unsaponified lipids (such as carotenoids) from the biodiesel produced. 
The process starts with a 1st reaction step alkali (saponification) involving a reaction between 
microalgae lipids and potassium hydroxide (KOH) (1.26 mmol OH-/g methanol) followed by a 
2nd reaction step acid (esterification) using sulphuric acid (H2SO4) (1.65 mmol H
+/g methanol) 
with a total methanol to lipid ratio of 13 mL/g. Between both reaction steps, a solvent 
extraction (hexane) separates the unsaponified lipids from the reaction mixture. This 2-step 
process resulted in a FAME yield of 91 g FAME/kg dry biomass, a biodiesel purity of 260 
mmol FAME/100 g biodiesel and an unsaponified lipid yield of 170 g lipid/kg dry biomass. 
Compared to a purification process of crystallization, using hexane at 0°C as a solvent and the 
same biodiesel production conditions, which allowed to obtain a maximum FAME yield of 
34.8 g FAME/kg dry biomass with a biodiesel purity of 52.2 mmol FAME/100 g biodiesel, the 
2-step process tested in this study achieved a higher FAME yield and a higher biodiesel purity.  
Despite the fact that this 2-step process produces an important amount of salts (4.8 kg 
K2SO4/kg FAME), for the best operating conditions tested, in comparison to a conventional 
vegetable oils-based biodiesel obtained by 1-step alkali homogenous catalytic processes (0.03 
kg K2SO4/kg FAME), it is effective and simple, and could help biodiesel from microalgae 
being cost effective. 
 
Keywords: biodiesel, microalgae, purification, lipids, crystallization  
4.3 Introduction 
From 2002 to 2010, the world oil consumption augmented from 78 to 88 million barrels 
(+13%) [BP, 2013]. Even if for the same period of time the world population increased from 
6.3 to 6.9 billion inhabitant (+10%) [Population Division of the Department of Economic and 
Social Affairs of the United Nations Secretariat, 2012b], the increase of oil consumption could 
be caused by the industrialization of emerging countries (such as China and India). As an 
example, from 2001 to 2010, China and India increased their respective daily oil 
consumptions from 4.9 to 7.9 (+61%) and from 2.3 to 3.1 (+26%) million barrels [BP, 2013]. 
In the case of India, oil consumption would increase by 94% by 2030 compared to 2008 oil 
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consumption level [International Energy Agency, 2010]. In comparison, for the same period of 
time, Japan oil consumption decreased from 5.4 to 4.8 (-11%) million barrels.  
In Canada, the daily oil consumption increased from 2.1 to 2.4 million barrels (+14%) for a 
period ranging from 2002 to 2012 [BP, 2013].  Consequently, for the same period of time, the 
carbon dioxide (CO2) emissions related to light road transportation enhanced from 118 to 134 
Mt eq. CO2 (+12%) [Environment Canada, 2012]. Therefore, in Canada, the increase of oil 
consumption could be partially linked to the increase of greenhouse gases (GHG) emitted by 
the light transportation sector.   
There are many technologies allowing reducing fossil fuel consumption and GHG emissions, 
which include electric or hybrid cars, hydrogen cars or fuel cell cars, biofuels etc. [Sandy 
Thomas, 2009]. Even if electric and hybrid technologies allowing reducing fossil fuel 
consumption, most of the power used to generate worldwide electricity is produced from non-
renewable fossil fuels (67.5%) or from nuclear energy (19.4%) [U.S. Energy Information 
Administration, 2011b]. A lot of concerns have been formulated about nuclear energy since 
Japan's Fukushima Daiichi nuclear power accident [Tabushi, 2012]. In order to solve this 
problem, fuel cell for cars was developed [Eberle et al., 2012], but the hydrogen, used in fuel 
cell, is not so green. Currently, hydrogen is mostly produced from natural gas steam reforming 
(48%), from oil reforming (30%) and from coal gasification (18%) [Abánades et al., 2013]. In 
contrast, using biofuels in conventional or hybrid cars could help to reduce fossil fuel 
consumption. However, most of the biomass, used to produce biofuels, is cultivated on arable 
lands which create socio-environmental problems such as world hunger (rise of food prices), 
deforestation or land pollution [Veillette et al., 2012; Bordet et al., 2006; Goldemberg et 
Guardabassi, 2009].  
In order to solve these socio-environmental problems, some alternative biomass such as 
microalgae could be used to replace raw materials. The main advantage of microalgae is to 
consume CO2 from diverse sources (ex. power plant) [de Morais et Costa, 2007]; they can be 
also cultivated on wastewaters [Chinnasamy et al., 2010]. From microalgae as raw material, 
the biofuels that can be produced include the pyrolysis bio-oil [Miao et al., 2004], bioethanol 
[Harun et Danquah, 2011], biohydrogen [Benemann, 2000], jet-fuel [Elmoraghy et Farag, 
2012], biodiesel [Chisti, 2007], etc. Biodiesel from microalgae had especially drawn a lot of 
research attention for the past 15 years because some microalgae contain high lipid content up 
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to 80 wt% [Deng et al., 2009]. The lipids can be transformed into biodiesel under mild 
conditions (generally < 100oC, 1 atm, < 60 min) using an alcohol (generally methanol because 
it is not expensive compared to other alcohols) and a catalyst (homogenous [Nagle et Lemke, 
1990] or heterogeneous [Koberg et al., 2011a]). Among the homogenous catalytic techniques, 
2-step transesterification has been tested to convert microalgae lipids into biodiesel [Lee et al., 
2010; Halim et al., 2010]. As an example, using a 2 steps transesterification process, Halim et 
al. [2010] obtained fatty acid methyl esters (FAME) yields ranging from 23 to 44% (g 
FAME/g lipid) using the following conditions:  1st step: 21 mL of sulfuric acid (H2SO4) in 
methanol (0.50 wt%) at 50oC for 120 min (manual stirring) ; 2nd step: potassium methoxide 
(CH3OK) in methanol (25 wt%) until a pH of 13 was reached and heated at 50
oC for 120 min 
(manual stirring). 
Nevertheless, for each ton of dry microalgae lipids, only 30 to 50 wt% could be used to 
produce biodiesel, since the unsaponifiable lipids are not transformed [Petkov et al., 2012]. 
Among the lipids that cannot be transformed into biodiesel, one of the most interesting groups 
is the carotenoids. The carotenoid content of some microalgae species can be relatively high. 
For example, Dunaliella salina can contain up to 10 wt% -carotene [Macías-Sánchez et al., 
2009]. These carotenoids are removed from microalgae biomass by chemical solvent 
extraction (such as pressurized liquid extraction, Soxhlet extraction, maceration and 
ultrasound assisted extraction) [Cha et al., 2010; Kale, 2012; Macías-Sánchez et al., 2009] or 
supercritical fluid extraction [Macías-Sánchez et al., 2009]. On the other hand, those studies 
did not focus on the separation between the caratenoids and the saponifiable lipids (raw 
material for biodiesel production). According to our best knowledge of the literature, 
membrane technologies were used to remove -carotene from biodiesel from vegetable oil 
[Darnoko et Cheryan, 2006] but it was not tested for microalgae biodiesel purposes. 
A previous study [Veillette et al., 2015] has shown that biodiesel can be separated from the 
unsaponified lipids using a 2-step process (with a hexane separation between both steps) 
according to the following reactions: 
1st step: alkali saponification 
lipids + KOH→saponified lipids + Pm (4.1) 
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2nd step: acid esterification 
 saponified lipids +  methanol+
1
2
H2SO4 →  FAME +
1
2
K2SO4 + Pm 
(4.2) 
where Pm are polar molecules produced depending of the lipid nature (water, glycerol, etc.).  
However, this process was not compared to another purification process or studied in terms of 
esterification time, type of alkali, type of acid, etc..  
The 1st objective is therefore to compare the performance of the 2-step biodiesel production 
process (using a hexane separation between the 1st and 2nd step) with a biodiesel purification 
process of crystallization. The 2nd objective of this study is to test the effect of some operating 
conditions (temperature, type of alkalis, type of acids and esterification time) of a 2-step 
process (using a hexane separation between the 1st and 2nd step) on the FAME yield, the 
unsaponified lipid yield and the purity of the biodiesel produced.  
4.4 Materials and methods 
4.4.1 Materials 
The microalgae used in the present study (Nannochloropsis oculata, Isochrysis galbana and 
Pavlova lutheri) were bought frozen (-20oC) from NutrOcéan Canada inc. (Rimouski, 
Canada). The proximate composition of the blend of microalgae was reported in a previous 
study [Veillette et al., 2015]. Prior to lipid extraction, the frozen microalgae biomass was 
lyophilised using a Virtis specimen freeze drier (model 24DX24, Gardiner, New York, USA) 
for 24-48 h.  
The solvents (99.8 wt% methanol (CH3OH), 99 wt% ethanol (C2H5OH), 99 wt% hexane 
(C6H14)), 70 wt% nitric acid (HNO3), 99.1 wt% sodium hydroxide (NaOH) and 89.6 wt% 
potassium hydroxide (KOH)) were bought from Fisher Scientific inc. (Canada). Sulfuric acid 
(H2SO4) (95-98 wt%) and sodium sulphate (Na2SO4) (99 wt%) were purchased from 
Anachemia (Lachine, Canada).  
4.4.2 Methods 
 Lipids extraction 
The microalgae lipids were extracted according to a method described in a previous study 
[Veillette et al., 2015]. Lyophilized microalgae contained into a Whatman® (33x94 mm) 
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cellulose thimble (Anachemia Science, Montreal, Canada) were extracted with a Soxhlet for 
2h (20 reflux) using hexane (11.7 mL/g dry biomass) as a solvent. Then, hexane was 
evaporated under vacuum (65oC) and the lipids were weighted. The lipid yield obtained was 
29.5±1.5% (g lipid/g dry biomass). Then, hexane was added (33 mL/g lipid) and the blend was 
split in order to obtain lipid fractions between 0.25 to 0.30 g. Then, hexane in each lipid 
fraction was evaporated under vacuum at 65oC.  
 General process 2-step reaction 
Figure 4.1 presents the simplified 2-step process used for the production of biodiesel from 
microalgae. The 2-step biodiesel production process was performed using a 25 mL glass 
reactor equipped with a reflux column as described in a previous study [Veillette et al., 2015]. 
Saponification: 
alkali conditions Separation
Esterification: 
acid conditions
Biodiesel 
recovery
Hexane Hexane
Hexane and 
unsaponified 
lipids
Hexane 
and 
biodiesel
Microalgae 
lipids
Methanol,  
K2SO4, and 
polar 
compounds
 
Figure 4.1 Block diagram of 2-step biodiesel production process with a hexane separation 
between the saponification and the esterification steps 
 
In the 1st reaction step, between 0.25 to 0.30 g of lipids were blended with 1 mL hexane and 
methanol (6.7 mL/g lipid) containing an alkali (KOH or NaOH, at various concentrations). 
Then, the blend was heated (various times and temperatures) with magnetic stirring (at around 
200 rpm) under a reflux. The unsaponified lipids fraction was recovered using 3x5 mL of 
hexane and the solvent was evaporated at 65oC under vacuum. In the 2nd step, methanol (6.7 
mL/g lipid) containing H2SO4 (various concentrations) was added and the blend was heated at 
various temperatures (with magnetic stirring at around 200 rpm) for different reaction times. 
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Tableau 4.1 Two-steps biodiesel production process experimental conditions  
Effect Alkali/methanol 
ratio  
 
(mmol OH-/g 
methanol) 
Acid/methanol ratio  
 
 
(mmol H+/g 
methanol) 
Ratio  
methanol/lipid 
 
(mL/g) 
Saponification  
time 
 
(min) 
Esterification  
time 
 
(min) 
Temperature  
 
 
(oC) 
Lipids 
crystallisation 
1.26 1.65 13.3 30 30 90 
Alkali type (1st 
step)-acid type (2nd 
step) 
1.26 1.65 13.3 30 30 90 
Esterification time 0.76 1.52 13.3 20 5-50 30-90 
Saponification 
time 
0.76 1.52 13.3 5-40 30 70 
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After the end of the reaction, hexane (3 x 5mL) was used to recover the biodiesel; the 
organic phase (biodiesel and hexane) was washed with distilled water. Then, the organic 
phase (biodiesel and hexane) was dried using Na2SO4 and hexane was evaporated at 65
oC 
(vacuum). Tableau 4.1 presents the reaction conditions used in this study.  
 Lipids crystallization 
In order to compare another separation process with the one tested in the present study 
(unsaponified lipids extraction), lipid crystallization was tested.  
Figure 4.2 presents the crystallization process used in this study. In order to study the 
effect of crystallization at a temperature of 0oC as a mean of biodiesel purification, the 
crude lipids were blended with an organic solvent (methanol, ethanol or hexane) (20 
mL/g lipid) at room temperature and the lipid blend (solvent and lipids) was cooled down 
at 0oC in an ice bath (with magnetic stirring at around 200 rpm) or at -20°C in a freezer 
(without stirring) for 1h. Then, the solvent-lipid fraction was filtered under vacuum. 
Another 10 mL of solvent (0 or -20oC) was used to washed up the crystallized lipids. 
Then, the crystallized lipids recovered on filter papers were weighted. The organic 
solvent was evaporated under vacuum at 65oC to recover the uncrystallized lipids. 
The uncrystallized lipids were submitted to the 2-step biodiesel production process 
(without hexane separation after the alkali step) with the following conditions: 
temperature: 90oC; esterification time: 30 min; saponification time: 30 min; 
methanol/lipid ratio: 13.3 mL/g; KOH/methanol ratio: 1.26 mmol OH-/g methanol; 
H2SO4/methanol ratio: 1.65 mmol H
+/g methanol. For a comparison purpose, crude lipids 
were transformed into biodiesel using the 2-step transesterification process with the same 
reaction conditions, but with a hexane separation between both steps. 
 Effect of alkali type (1st step)-acid type (2nd step) 
In order to compare NaOH and KOH as an alkali (1st step), the following conditions were 
used according to the best results obtained from a previous study [Veillette et al., 2015] : 
temperature: 70oC; esterification time: 30 min; saponification time: 30 min; total 
methanol lipid ratio: 13.3 mL/g lipid; alkali (KOH or NaOH)/methanol ratio: 1.26 mmol 
OH-/g methanol; acid (H2SO4 of HNO3) /methanol ratio: 1.65 mmol H
+/g methanol.  
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 Effect of esterification time (2nd step) 
In order to test the effect of esterification time (2nd step), the saponification time, the 
KOH/methanol ratio (1st step) and the H2SO4/methanol ratio (2
nd step) were respectively 
kept constant at 20 min, a KOH/methanol ratio of 0.76 mmol OH-/g methanol and a 
H2SO4/methanol ratio of 1.52 mmol H
+/g methanol. Four temperatures were tested: 30, 
50, 70 and 90oC. Three esterification times were tested (10, 30 and 50 min) while a time 
of 5 min was also tested at a 90oC reaction temperature.  
Vacuum evaporation
Microalgae 
lipids
Saponification: alkali conditions
Biodiesel 
recovery
Crystallization 
(0oC and -20oC) 
Organic solvent 
(Hexane, ethanol or 
methanol) Solvent 
washing 
Organic solvent 
(Hexane, ethanol 
or methanol)
Crystallized 
lipids 
Esterification: acid conditions
Organic 
solvent 
Hexane 
and 
biodiesel
Hexane 
biodiesel
Crystallized 
lipids 
Uncrystallized lipids 
Uncrystallized 
lipids and 
organic 
solvent
 
Figure 4.2 Crystallisation process used in the present study followed by a 2-step 
biodiesel production process   
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 Effect of saponification time (1st step) 
For the effect of saponification time (1st step), the esterification time (2nd step), the 
methanol/lipid ratio and the H2SO4/methanol ratio (2
nd step) were respectively kept 
constant at 30 min, 13.3 mL/g lipid and 1.52 mmol H+/g methanol. The KOH/methanol 
ratio (1st step) was also kept constant at 0.76 mmol OH-/g methanol. At a temperature of 
70°C, 4 saponification times (1st step) were tested: 5, 10, 20 and 40 min. The temperature 
of 70°C was selected in order to verify if a longer reaction time would improve the 
FAME yield to the level reached at a temperature of 90°C.  
4.4.3 Biodiesel analysis 
The biodiesel analysis was performed by gas chromatography according to experimental 
conditions described in a previous study [Veillette et al., 2015].    
4.5 Results  
4.5.1 Lipid crystallization  
Figure 4.3 presents the FAME yield, the lipid recovery yield and the biodiesel purity as a 
function of the purification process.  
Among the purification processes tested, the 2-step process used in this study (hexane 
separation between both steps (alkali and acid)) had the higher biodiesel purity of 260 
mmol FAME/100g biodiesel followed by hexane crystallization at -20oC (57 mmol 
FAME/100g biodiesel), hexane crystallization at 0oC (52 mmol FAME/100g biodiesel), 
ethanol crystallization at 0oC (41 mmol FAME/100g biodiesel) and methanol 
crystallization at 0oC (31 mmol FAME/100g biodiesel). Moreover, the 2-step process 
used in this study (hexane separation between both steps (alkali and acid)) allowed to 
reach a higher FAME yield with 91 g FAME/kg dry weight that the other processes that 
varied from 8 to 35 g FAME/kg dry weight. 
For the crystallization process tested, the biodiesel purification was more effective in the 
following order:  
Hexane (0oC) > Ethanol (0oC) > Methanol (0oC) (4.3) 
Figure 4.4 presents the biodiesel purity as a function of the dipolar moment for the 3 
solvents tested (hexane, methanol and ethanol) for the crystallization process at 0°C. 
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As seen in Figure 4.4, the biodiesel purity varied from 31 to 52 mmol FAME/g biodiesel. 
 
Figure 4.3 FAME yield, recovery yield and biodiesel purity as a function of 
purification process. Temperature: 90°C; saponification time: 30 min; esterification 
time: KOH/methanol ratio: 1.26 mmol OH-/g solution; H2SO4/methanol ratio: 1.65 
mmol H+/g methanol; methanol/lipid ratio: 13.3 mL/g.  
 
 
Figure 4.4 Biodiesel purity as a function of the solvent dipolar moment. Temperature: 
90°C; saponification time: 30 min; esterification time: 30 min; KOH/methanol ratio: 
1.26 mmol OH-/g methanol; H2SO4/methanol ratio: 1.65 mmol H
+/g methanol; 
methanol/lipid ratio: 13.3 mL/g. 
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4.5.2 Effect of alkali type (1st step)-acid type (2nd step) 
Figure 4.5a presents the FAME yield, the unsaponified lipid yield and the biodiesel purity 
as a function of the alkali (KOH or NaOH) used in step 1 (30 min reaction time) and the 
acid (H2SO4 or HNO3) used in step 2 (30 min reaction time). For the alkali tested at a 
fixed concentration of 1.26 mmol OH-/g methanol, KOH was more effective to transform 
microalgae lipids into biodiesel with a FAME yield of 91 g FAME/kg dry biomass 
compared to 8 g FAME/kg dry biomass when using NaOH in the 1st reaction step of the 
biodiesel process. Singh et al. [2006] have found that potassium based catalysts (like 
KOH) gave significantly higher biodiesel yields than sodium based catalyst (like NaOH) 
to transform canola oil into biodiesel. Moreover, for all the conditions tested, the same 
authors found that KOH gave a significantly higher soap formation (average of 2.28 
wt%) compared to NaOH (average of 1.00 wt%). In the present study, the KOH-H2SO4 
process allowed recovering the highest amount of unsaponified lipids at 170 g lipid/kg 
dry biomass. 
 Figure 4.5b presents the FAME composition as function of the alkali (KOH or NaOH) 
used in step 1 (30 min reaction time) and the acid (H2SO4 or HNO3) used in step 2 (30 
min reaction time). In terms of biodiesel composition, the major difference between KOH 
and NaOH as alkali (1st step) with H2SO4 as an acid (2
nd step) was the content in 
linolenate FAME (C18:3) with respective contents of 1.2 and 20.0 wt% for KOH and 
NaOH. Using NaOH as catalyst reduced the content of polyunsaturated FAME. For 
example, the eicosapentanoate (20:5) and docosahexanoate (C22:6) contents were 
respectively reduced from 17.3 to 10.9 and from 2.1 to 0.1 wt%. Despite the fact that a 
biodiesel produced from NaOH would have a higher cetane number and oxidation 
stability (because of the lower content of polyunsaturated FAME) [Veillette et al., 2012], 
the lower FAME yield obtained with NaOH as a saponification agent (8 g FAME/kg dry 
weight) would make the latter less interesting for biodiesel production. In case of KOH as 
an alkali (1st step), using HNO3 as an acid, instead of H2SO4 (2
nd step), had no effect on 
the FAME composition with methyl palmitoleate (C16:1) as main FAME component (30 
wt%). 
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a)   
 
 
 
 
 
 
 
 
 
 
 
 
b)   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5  a) FAME yield, unsaponified lipid yield and biodiesel purity b) FAME 
composition as a function of the alkali (KOH or NaOH) used in step 1 and the acid 
(H2SO4 or HNO3) used in step 2 ; temperature: 90°C ; saponification time: 30 min ; 
esterification time: 30 min; alkali/methanol ratio: 1.26 mmol OH-/g solution ; 
acid/methanol ratio: 1.65 mmol H+/g methanol ; methanol/lipid ratio: 13.3 mL/g.  
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a)   
 
 
 
 
 
 
 
 
 
 
 
 
 
b)  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 FAME yield and biodiesel purity as a function of the esterification 
time. Saponification time: 20 min; KOH/methanol ratio: 0.76 mmol OH-/g 
methanol; H2SO4/methanol ratio: 1.52 mmol H
+/g methanol; Methanol/lipid ratio: 
13.3 mL/g; Temperature: a) 30°C; b) 90°C.  
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4.5.3 Effect of saponification time (1st step) 
Figure 4.7 presents the FAME yield and the biodiesel purity as a function of the 
saponification time. For saponification times ranging from 5 to 40 min, the FAME yield 
linearly increased from 56 to 87 g FAME/kg dry biomass while the biodiesel purity and 
the unsaponified lipids yield were relatively stable at 297±15 mmol FAME/100g 
biodiesel and at 169±13 g lipid/kg lipid, respectively.  
 
 
Figure 4.7  ln (k) as a function of the inverse temperature (1/T).  saponification time: 
20 min; KOH/methanol ratio: 0.76 mmol OH-/g methanol; H2SO4/methanol ratio: 
1.52 mmol H+/g; methanol/lipid ratio: 13.3 mL/g. 
 
4.6 Discussion 
4.6.1 Lipid crystallization  
The crystallization temperature (0 and -20oC) for hexane as a solvent seems to have no 
effect, as the purity of the biodiesel produced was relatively similar (52 versus 56 mmol 
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FAME/100g biodiesel). However, decreasing the crystallization temperature from 0 to -
20oC had a more important effect of the FAME yield, as it decreased from 35 to 22 g 
FAME/kg dry biomass. This may mean that the decrease of temperature made polar 
lipids (such as phospholipids) less soluble in hexane.  
In fact, as a higher lipid recovery yield generally resulted in lower biodiesel purity, 
unsaponified lipids (such as carotenoids) could be more soluble in more polar solvent 
than saponifiable lipids (triglycerides, FFAs, etc.). As an example, for methanol (dipolar 
moment: 1.69) [Klein, 2012] crystallization at 0oC, the lipid recovery yield obtained was 
140 g lipid/kg dry biomass while the biodiesel purity obtained was 31 mmol FAME/g 
biodiesel (Figure 4.3). In comparison, for hexane (dipolar moment: 0.09) crystallization 
at 0oC, the lipid recovery yield obtained was 30 g lipid/kg dry biomass, while the 
biodiesel purity obtained was 52 mmol FAME/g biodiesel (Figure 4.3). According to 
those results and based on the fact that polar compounds (such as ethanol) are sometimes 
used to extract carotenoids and chlorophyll at temperature higher than 50oC in the 
literature [Cha et al., 2010; Macías-Sánchez et al., 2009], the crystallized fraction could 
be more interesting than the uncrystallized fraction to produce biodiesel. To our best 
knowledge of the literature, crystallization, as mean of separating lipids, has not been 
tested yet and should be further investigated. 
4.6.2 Effect of alkali type (1st step)-acid type (2nd step) 
Using KOH as an alkali (1st step), acids (H2SO4 or HNO3) were tested for the 
esterification step (2nd step). In these conditions, similar FAME yields and biodiesel 
purities were obtained for both acids with values that varied respectively from 91 to 97 g 
FAME/kg dry biomass and from 260 to 270 mmol FAME/100g biodiesel. 
As the HNO3 used in the present study contains more water than H2SO4 (30 vs 2-5 wt%), 
based on supplier data, the results demonstrated that the esterification reaction is not 
affected by water in opposition to 1-step acid catalyzed esterification, such as the one of 
acetic acid [Liu et al., 2006]. Even if HNO3 was as effective as H2SO4 for soap 
esterification (based on the FAME yield), the use of HNO3 in contact with glycerol could 
be hazardous, as HNO3 is a strong oxidizing agent that could generate nitrate compounds 
such as nitroglycerine [Jungermann, 1991].  
  
114 
 
A downside of the 2-step process proposed in the present study (Saponification-
esterification) is a relatively high production of salts (4.8 g K2SO4/g FAME based on the 
experimental conditions of 2-step process (KOH-H2SO4) from Figure 4.5a) as a by-
product compared to the conventional production of biodiesel from vegetable oils (0.03 g 
K2SO4/g FAME, based on a 2%wt (relative to oil) KOH catalysts, a neutralization with 
H2SO4 and a FAME yield of 95% (g FAME/g oil)). As the salts produced (K2SO4, KNO3 
or others) could be used for fertilization, the fact that a wide variety of salts produced is 
not an inconvenient. 
Despite the fact that a biodiesel produced from NaOH would have a higher cetane 
number and oxidation stability (because of the lower content of polyunsaturated FAME) 
[Veillette et al., 2012], the lower FAME yield obtained with NaOH as a saponification 
agent (8 g FAME/kg dry weight) would make the latter less interesting for biodiesel 
production. In case of KOH as an alkali (1st step), using HNO3 as an acid, instead of 
H2SO4 (2
nd step), had no effect on the FAME composition with methyl palmitoleate 
(C16:1) as main FAME component (30 wt%). 
4.6.3 Effect of esterification time (2nd step) and kinetic modeling 
This increase of biodiesel purity by about 111% was directly linked to the increase of 
potassium soap conversion into biodiesel, as the FAME yield also increased of about 
+128%. A similar effect of the increase of the esterification time on the lipid (free fatty 
acids (FFAs)) conversion was also observed in studies using vegetable oil as a raw 
material [Berrios et al., 2007; Berrios et al., 2010]. As an example, using a temperature 
of 30oC, a methanol to oil molar ratio of 60 and a H2SO4 concentration of 5 wt% 
(compared to oil), Berrios et al. [2007] enhanced the FFAs conversion from 0 to 22% 
following an increase of the esterification time from 0 to 60 min. 
As seen in Figure 4.6b, the biodiesel purity was enhanced by 233% and followed the 
same tendency than the FAME yield (+199%) over the esterification times tested. 
Consequently, more lipids were transformed into FAME and a higher degree of biodiesel 
purity was obtained. The increase of FAME content as a function of the esterification 
time was also observed by Chongkong et al. [2007]. Using palm fatty acid distillate 
(PFAD) as a raw material, at a reaction temperature of 90oC, with methanol (molar ratio 
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to PFAD: 4.3) and H2SO4 as a catalyst (1.8 wt% based on oil), Chongkong et al. [2007] 
increased the esterification time from 15 to 60 min and observed an increase of the 
biodiesel purity from 83 to 92% (g FAME/g biodiesel).   
A first order reaction rate was tested to fit the experimental data for soap conversion into 
FAME: 
−d(Cs)
dt
= kCs 
(4.3) 
where Cs is the potassium soap yield (mol/g lipid), k is the kinetic reaction constant (min
-
1) and t is the esterification time (min). 
After integration between the boundaries conditions (Cs0 and Cs ; 0 and t), the equation 
becomes: 
Cs = Cs0 ∙ exp
(−kt) (4.4) 
where Cso is the initial soap concentration (mol/g lipid). The initial mass of soap was 
calculated using the percentage of saponified compounds (100% – unsaponified lipid 
yield). The molecular weight of potassium soap (306 g/mol) was evaluated using the 
average FAME molecular weight (281.5 g/mol) obtained from the FAME mass 
composition by gas chromatography. Then, the FAME yield was fitted to the 
experimental data by using the following equation: 
Cb = (Cs0 − Cs) ∙ Mf ∙ LY (4.5) 
where Cb is the FAME yield (g FAME/kg dry biomass), Mf is the average FAME 
molecular weight (281.5 g/mol) and LY is the lipid yield obtained by Soxhlet extraction 
(295 g lipid/kg dry biomass). 
The kinetic parameters (k, Cs0) were obtained by non-linear regression (maximizing R
2) 
by evaluating the FAME yield (from Equation 5) as a function of the esterification time. 
Figure 4.7 presents the logarithm (ln) of the kinetic constant (k) as a function of the 
inverse temperature (1/T). Using Arrhenius relation to estimate the kinetics parameters, 
the activation energy (E) and the preexponential factor (k0) were found to be 11.8 kJ/mol 
and 6.3 min-1, respectively.  
Using H2SO4, as an acid homogenous catalyst, for the esterification of palm oil fatty 
acids, Aranda et al. [2008] studied the dependence between the kinetic constant (k) and 
the temperature. For catalyst concentrations ranging from 0.01 to 0.05 wt% in H2SO4 in 
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methanol (methanol to FFA molar ratio: 3) and temperatures ranging from 130 to 160oC, 
the authors obtained a linear relationship between ln (k) and 1/T. For an increase of the 
H2SO4/methanol ratio from 0.01 to 0.05 wt%, they obtained a decrease of the activation 
energy from 63 to 27 kJ/mol. In the present study, the activation energy was lower (at 
11.8 kJ/mol), which can be explained by the fact that the kinetic of soap esterification 
might be faster than palm oil fatty acids esterification. This difference could also be 
explained by the fact that the H2SO4 concentration in methanol was higher (7.5 wt%) in 
the present study.   
4.6.4 Effect of saponification time (1st step) 
The fact that the FAME yield increased by 55% (from 56 to 87 g FAME/kg dry biomass) 
while the biodiesel purity remains relatively stable, could signify that the saponification 
time affects mainly the FAME yield by increasing the soap available to produce biodiesel 
during the esterification step. In comparison, using castor oil at a temperature of 60oC, a 
16 wt% KOH to lipid ratio, cethyl trimethyl ammonium bromide as a phase transfer 
catalyst (0.49 wt% compared to lipids), Entezari and Keshavarzi. [2001] tested the effect 
of the saponification reaction time (from 0 to 50 min) on the soap yield and found an 
increase of soap yield from 0 to 100% (g soap/g oil) [2001].  
4.7 Conclusion 
Avec l’objectif de remplacer les graines oléagineuses conventionnelles, les microalgues 
ont été testées en tant que matière première brute pour la production de biodiesel. Afin 
d’utiliser les microalgues dans un procédé de production de biodiesel, tous les composés 
ayant une valeur doivent être extraits et séparés. Dans cette étude, un procédé de 
production de biodiesel en 2 étapes a été testé afin d’obtenir du biodiesel avec un degré 
de pureté relativement élevé. Une 1re étape de saponification (ratio KOH/méthanol: 1.26 
mmole OH-/g méthanol) suivie par une 2e étape d’estérification (ratio H2SO4/méthanol: 
1.65 mmole H+/g méthanol) (un temps de 30 min à 90°C lors des 2 étapes) a permis 
d’obtenir un rendement en esters méthyliques d’acides gras (EMAG) de 91 g EMAG/g 
biomasse sèche et une pureté du biodiesel produit de 260 mmole EMAG/100g biodiesel. 
Dans ces conditions, le procédé a permis de récupérer les lipides insaponifiés avec un 
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rendement de 170 g lipides/g biomasse sèche. En comparaison, en utilisant un procédé de 
cristallisation avec l’hexane comme solvant à une température de 0°C, un rendement 
maximal en EMAG/kg biomasse sèche avec une pureté du biodiesel de 52.2 mmol 
FAME/100 g biodiesel a été obtenu. 
4.8 Conclusion 
In order to replace conventional oil seeds, microalgae were tested as an oleaginous raw 
material for biodiesel production. In order to use microalgae in a biodiesel production 
process, all microalgae valuables compounds must be extracted and separated. In this 
study, a 2-step biodiesel production process was tested to obtain a relatively high degree 
of biodiesel purity. A 1st step of saponification (KOH/methanol ratio: 1.26 mmol OH-/g 
methanol) followed by a 2nd step of esterification (H2SO4/methanol ratio: 1.65 mmol H
+/g 
methanol) (both reaction steps for 30 min at 90oC) allowed to obtain a FAME yield of 91 
g FAME/g dry biomass and a biodiesel purity of 260 mmol FAME/100g biodiesel. In 
these conditions, the process also allowed recovering the unsaponified lipids with a yield 
of 170 g lipid/g dry biomass. 
In comparison, using a crystallization process with hexane as a solvent at a temperature 
of 0°C, a maximum FAME yield of 34.8 g FAME/kg dry biomass with a biodiesel purity 
of 52.2 mmol FAME/100 g biodiesel was obtained. 
 The results showed that this 2-step process could improve the cost effectiveness of an 
integrated microalgae based biodiesel process.  
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CHAPITRE 5  
RÉDUCTION DE L’ACIDITÉ DES LIPIDES DES 
MICRO-ALGUES PAR CATALYSE 
HÉTÉROGÈNE ACIDE  
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L’article « Esterification of free fatty acids with methanol to biodiesel using 
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cataysts: From model oil to microalgae lipids 
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Contribution au document: Cet article est pertinent à la thèse parce qu’il étudie 
l’estérification des acides gras libres dans les lipides des microalgues. 
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5.1 Résumé 
Le biodiesel à partir de microalgues reçoit de plus en plus d’attention parce qu’il est 
considéré comme écoresponsable; la culture des microalgues est réalisée sur des terres 
moins fertiles en opposition aux autres espèces oléagineuses végétales. Le principal 
avantage des microalgues est leur croissance relativement rapide et leurs rendements en 
lipides élevés. Cependant, un des principaux problèmes avec les lipides des microalgues 
est leur contenu en acides gras libres (AGLs) élevé, lequel cause des problèmes de 
formation de savon durant la transestérification basique des triglycérides. Le but principal 
de cette étude a été de tester une catalyse hétérogène afin de transformer les AGLs d’une 
huile modèle (huile de canola + acide oléique) et des lipides des microalgues 
(Scenedesmus obliquus and Chlorella protothecoïdes) en biodiesel. 
Sous les conditions testées (température: 120°C, pression autogène, temps de réaction: 60 
min, ratio méthanol/lipide: 0.57 mL/g et 2.5% (m/m) d’Amberlyst-15 par rapport aux 
lipides des microalgues), les lipides de la microalgue Chlorella protothecoïdes ont permis 
d’obtenir une conversion des AGLs élevée (84%) par comparaison à celle des lipides de 
la microalgue Scenedesmus obliquus (34%).  
 
Mots-clés: Biodiesel, estérification des acides gras libres, Amberlyst-15, oxydes mixtes 
zirconium-titane. 
5.2 Abstract 
Microalgae biodiesel is getting a lot more attention these days because they are 
considered as eco-responsible and are cultivated on less arable lands in opposition to 
other oleaginous vegetable species. However, one of the main problems of microalgae 
lipids is their high content of free fatty acids (FFAs), which creates problems of soap 
formation during homogeneous alkali transesterification. The main purpose of this study 
was to test heterogeneous catalysts to transform the FFAs from a oil (canola oil + oleic 
acid) used as a model and from microalgae lipids (Scenedesmus obliquus and Chlorella 
protothecoides) into biodiesel.  
Under the conditions tested (temperature: 120°C, autogenous pressure, reaction time: 60 
min, methanol to lipid ratio: 0.57 mL/g and 2.5 wt% Amberlyst-15 relative to microalgae 
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lipids), Chlorella protothecoides lipids allowed to reach a higher conversion (84%) 
compared to Scenedesmus obliquus lipids (34%).  
 
Keywords: Biodiesel, free fatty acids esterification, microalgae, Amberlyst-15, 
zirconium-titanium mixed oxides 
5.3 Introduction 
The abatement of greenhouse gases (GHG) is very important in order to limit the impact 
of climate changes. In most countries, carbon dioxide (CO2) is the most significant gas 
emitted to the atmosphere. In Canada, as an example, the major part of the GHG emitted 
(80%) in 2012 was linked to CO2, which corresponds to 576 Mt eq. CO2 [Environment 
Canada, 2012]. According to the same reference, 27% of those emissions were linked to 
fossil fuel used by the transportation sector.  The main problem with non-renewable 
sources of energy, such as fossil fuels, is the fact that oil will be depleted in a near future, 
around 2045 [Shafiee et Topal, 2009]. Consequently, new energy sources have to be 
developed.  
Among the energy sources, biodiesel is a clean energy source that can be used to replace 
fossil fuel. In fact, biodiesel or fatty acid alkyl esters produced from raw oleaginous 
plants (soybean, sunflower, etc.) can be fed to conventional diesel engine without prior 
modifications [Knothe, 2010]. Besides reducing net CO2 emissions, using a blend of 
biodiesel produced from soybean oil and petrodiesel (1:4 v/v) would reduce typical 
polluted gas emissions (compared to petrodiesel only) such as carbon monoxide (-11%), 
particulate matter (-10%), and total hydrocarbon (-21%) [United States Environmental 
Protection Agency, 2002]. On the other hand, the fact that biodiesel is produced from raw 
oleaginous plants cultivated on arable lands is a problem in terms of land pollution, world 
hunger and deforestation [Veillette et al., 2012]. In order to solve this problem, 
microalgae lipids can be used as a feedstock to produce biodiesel. 
Microalgae are an interesting feedstock to produce biodiesel because their culture does 
not compete with food crops [Chisti, 2007] and they can contain high levels of lipids (up 
to 75 wt%) [Chisti, 2007]. Microalgae grow relatively fast in the presence of inorganic 
carbon (autotrophic metabolism) or organic carbon (heterotrophic metabolism). 
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Microalgae with mixotrophic metabolisms are able to consume both organic and 
heterotrophic carbon with or without light [Chen et al., 2011]. The main advantage of the 
mixotrophic culture mode is based on the fact that it can reduce the amount of energy 
required (without light) and lower the production costs [Girard et al., 2014]. Moreover, 
these culture can be adapted to colder climates [Girard et al., 2014], such Canada’s.  
Biodiesel can be produced by a reaction between triglycerides, contained in various 
oleaginous materials such as microalgae, and an alcohol (generally methanol) catalyzed 
under homogeneous alkali conditions. However, the reaction between homogeneous 
alkali catalysts and free fatty acids (FFAs) results in soap formation, which creates 
problems during biodiesel purification [Lotero et al., 2005]. In fact, microalgae lipids 
may contain high levels of FFAS (up to 70 wt% depending on the storage conditions) 
[Chen et al., 2012]. Consequently, a 1st step of esterification (acid) is required to 
transform FFAs into biodiesel. 
In order to treat high FFAs concentrations feedstocks (> 10 wt%), the authors usually 
increase the reaction temperature (> 65°C) to effectively reduce the feedstock acidity 
[Tesser et al., 2009]. As an example, for experiments of esterification of a mixture of 
oleic acid and soybean oil (1:1 w/w) in a batch reactor at 100°C, at a methanol to oleic 
acid molar ratio of 8, a 5wt% Amberlyst-15 relative to acid oil, Tesser et al. [2009] 
obtained a 90% FFA conversion following a 3h reaction time. However, Amberlyst-15 is 
temperature limited (120°C), according to supplier data, and it cannot be regenerated by 
calcination. According to our best knowledge of the literature, no study tested zirconium-
titanium mixed oxides (ZrTiO) for the reduction of raw material acidity used for 
biodiesel production.  
The 1st objective of the present study was to compare Amberlyst-15 (resin) and a 
molybdenum oxide supported on mixed oxide zirconium- titanium catalysts for the FFAs 
conversion of a model oil containing oleic acid (FFAs) in canola oil. The 2nd objective of 
the research work was to test Amberlyst-15 catalyst to transform the FFAs of 2 
mixotrophic microalgae (Chlorella protothecoides and Scenedesmus obliquus) lipids into 
FAME. 
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5.4 Materials and methods 
5.4.1 Chemical and feedstock 
Ammonium heptamolybdate tetrahydrate (99 wt%) and hydrochloric acid (37 wt%) were 
bought from Merck (Damstadt, Germany) while titanium buthoxide (97 wt%), ammonia 
aqueous solution (32 wt%) and ammonium metatungstate hydrates (puriss. p.a., ≥ 99.0 
wt%) were purchased from Fluka (St-Quentin-Fallavier, France). Zirconium oxychloride 
octahydrate (99.9 wt% metal basis) was bought from Alfa Aesar (Schiltigheim, France). 
Certified ACS grade solvents (99.8 wt% methanol (CH3OH) and hexane (C6H14)), HPLC 
grade isopropyl alcohol (CH3CH(OH)CH3), HPLC grade acetonitrile, 90.0 wt% oleic 
acid (OA), USP/FCC/EP/BP/JP grade glycerol (2-5 wt% water) and 89.6 wt% potassium 
hydroxide (KOH) were bought from Fisher Scientific inc. (Canada). Sodium sulphate 
(Na2SO4) (99.0 wt%) and 95-98 wt% sulphuric acid (H2SO4) were purchased from 
Anachemia (Lachine, Canada). Strong acid ion-exchanging resin (Amberlyst-15), 99.5 
wt% n-butylamine and ACS grade phenolphthalein were bought from Sigma-Aldrich 
(USA) while canola oil was purchased from a local store.  
Before the catalytic tests, Amberlyst-15 resin was dried overnight in an oven at 105oC. 
Model acid oil was obtained by blending pure oleic acid and canola oil from 20 wt% to 
100 wt% oleic acid (no triglycerides). 
Chlorella protothecoides and Scenedesmus obliquus microalgae were bought from the 
Université du Québec à Rimouski (Rimouski, Canada). The latter were cultivated under 
mixotrophic conditions (with lactose as a source of carbon) and harvested by 
centrifugation. In order to remove water, frozen microalgae were lyophilized under 
vacuum (less than 100 mbar) at -50oC for 1-3 days.  
5.4.2  Catalysts preparation 
Mixed oxides zirconium-titanium (ZrTiO) were prepared by a method of co-
precipitation. Three initial (gel) Zr/Ti molar ratios were used: 1, 1/3, 3. Fifty (50) mL of 
concentrated hydrochloric acid (37 wt%) was blended to the required amount of 
aqueous titanium butoxide (TiBu) and the blend was heated at 50°C (magnetic stirring) 
until a clear solution was obtained. An aqueous solution containing the required amount 
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of zirconium oxychloride octahydrate (ZrOCl2) was mixed (magnetic stirring) with the 
titanium solution. The resulting solution was added to an ammonia solution (pH 12) in 
order to keep the pH around 10 (pH-meter). The solution was covered and heated at a 
temperature of 80oC overnight. Then, the solution was filtered under vacuum and 
washed with hot distillated water (around 80oC) until a neutral pH (7). Then, the humid 
solid obtained was dried overnight at 105oC. The dry solid was crushed and calcinated 
with air at 850oC for 2h. As a matter of comparison, the simple oxides (titanium oxides 
(TiO2) and zirconium oxide (ZrO2)) were prepared by the same method but without the 
addition of a second metal precursor (TiBu or ZrOCl2) and calcinated respectively with 
air at 400 and 500oC for 2h.  
The wet impregnation of metal oxides (tungsten oxide (WO3) and molybdenum oxide 
(MoO3)) was performed according to a modified procedure described by [Reddy et al., 
2001]. First, WO3 supported on ZrTiO was prepared. Ammonium metatungstate hydrate 
(15.3 wt% W relative to the support) was dissolved into distillated water. Then, 1.5 g of 
support (ZrTiO catalyst with an initial (gel) Zr/Ti molar ratio of 1 then calcinated at 
550oC for 2h) was added. Then, the blend was mixed for 30 min and water was 
evaporated under vacuum at 50oC for 2h. In the case of MoO3 supported on ZrTiO, the 
impregnation was performed similarly but by dissolving ammonium heptamolybtade 
tetrahydrate (8.0 wt% Mo relative to ZrTiO) into distillated water to keep the same molar 
ratio of metal at the surface of the catalyst. Then, the catalysts were dried at 105oC 
overnight and calcinated under oxidizing conditions at 650oC for 5h. Tableau 5.1 presents 
the label for each catalyst in order to simplify the text. 
5.4.3 Catalysts characterization 
The complete description of the catalyst characterisation is available in the 
supplementary part. 
5.4.4 Catalytic tests 
One (1) g of oleic acid was added to the required amount of dried catalyst (various ratios) 
into a 25 mL glass bottle containing a magnetic stirrer. Then, methanol was added (molar 
ratio to oleic acid of 5). The bottle was sealed and immersed into a silicon oil bath 
(temperature ranging from 100 to 120oC ±3oC) controlled by a temperature controller 
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equipped with a thermocouple for various reaction times (stirring rate around 200 rpm). 
The biodiesel recovery was performed according to a previous study [Veillette et al., 
2015].  
Tableau 5.1 Labeled catalysts used in the present study 
Label initial Zr/Ti 
(gel) 
Mo  
(wt% initial compared 
to ZrTiO) 
W  
(wt% initial compared 
to ZrTiO) 
Calcination 
temperature 
(oC) 
Z3T 1/3 0 0 850 
ZT 1 0 0 850 
3ZT 3 0 0 850 
MZT 1 8.0 0 650 
WZT 1 0 15.3 650 
 
In the present study, the effects of reaction time, catalyst (Amberlyst-15), glycerol and 
the type of catalyst were tested (Tableau 5.2).  
 FFAs conversion: model oil 
The FFAs conversion was estimated by a conventional titration following a modified 
analytical procedure described elsewhere [Tesser et al., 2009]. The model acid oils 
(initial and final) were titrated with a 0.05 N KOH-isopropanol solution until an end point 
(pink color) using phenolphthalein as an indicator. 
5.4.5 Microalgae lipid extraction and esterification 
 Microalgae lipid extraction 
In order to extract the lipids from the microalgae species (C. protothecoides and S. 
obliquus), a Soxhlet extraction method was used. Twelve (12) g of microalgae dry 
biomass was weighted in a cellulose thimble (Whatman) and 140 mL of hexane was 
heated (reflux) for 90 min. The lipid yield obtained by this method for C. protothecoides 
and S. obliquus (2.44 and 2.46 wt%, respectively) were quite low compared to the 
maximum lipid yield of 75 wt% for other microalgae [Chisti, 2007].  
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Tableau 5.2  Reaction conditions for the esterification of the model oil 
Parameters Glycerol 
content 
relative to 
oleic acid 
 (wt%) 
Temperature  
 
(oC) 
Time  
 
(min) 
Catalyst 
relative to 
acid oil ratio  
(wt%)  
Methanol 
to oleic 
acid molar 
ratio 
 
Reaction time 
 
0 
 
100 and 120 
 
5-150 
 
2.5 and 5.0 
 
5 
Catalyst  0 120 60 0-5.0 
Glycerol 0-10 2.5 
Type of catalyst 0 
 
 Free fatty acids (FFAs) content of microalgae lipid 
Twenty (20) mL of isopropanol was used to dissolve microalgae lipids (264-351 mg). 
Then, the blend was titrated using a 0.05 N KOH-isopropanol solution until an apparent 
pH of 8.5 measured by a pH meter. This method allowed determining the respective 
FFAs contents (expressed as oleic acid) of S. obliquus and C. protothecoides (33 and 27 
wt%). 
 Microalgae FFAs esterification 
Extracted lipids (0.5-0.7 g) were submitted to an esterification reaction using methanol 
(methanol/lipid ratio of 0.57 and 1.15 mL/g lipid) and H2SO4 or Amberlyst-15 as 
catalysts (2.5 wt% catalyst/lipid). The bottle was sealed and heated (120°C) for 60 min. 
Then, the lipids were recovered with 3x5 mL hexane. For the H2SO4 catalyzed reaction, 
the blend was transferred into a separation funnel and washed with distillated water. In 
order to remove the water, Na2SO4 was added to the organic phase (microalgae lipids and 
hexane). Then, the blend was filtered and hexane was evaporated (65oC) under vacuum. 
After the reaction of esterification, the lipids-FAME blend was still viscous at room 
temperature.  
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As a matter of comparison, 1g of model oil (27 and 33 wt% FFAs in canola oil) was also 
submitted to esterification conditions as described above. 
 
 Microalgae oil final acidity  
The model oil final acidity was determined as described for initial FFAs content. A 
weighted amount of the esterified lipids (0.297-0.438 g) was dissolved in 20 mL of 
isopropanol. Then, the blend was titrated until a pH of 8.5 using a 0.05 N KOH-
isopropanol solution.  The microalgae FFAs conversion was calculated using the initial 
and the final concentrations of FFAs.  
5.4.6 FAME content 
The FAME quantitative composition was evaluated by gas chromatography according to 
a previous work [Veillette et al., 2015]. 
5.5 Results and discussion 
5.5.1 Catalyst characterisation 
The complete catalyst characterisation results are available in the supplementary part.   
5.5.2 Catalytic tests 
 Effect of reaction time and kinetic modeling 
Figure 5.1a presents the FFAs conversion for oleic acid as a function of the reaction time 
catalyzed by 5 wt% (100 and 120°C), 2.5 wt% (120°C), and 0 wt% (120°C) Amberlyst-
15 relative to model acid oil.  
A 5 wt% catalyst allowed a FFAs conversion higher than 80% for a reaction time of 30 
min. For longer reaction times (more than 60 min), the catalyst concentration (2.5 or 5 
wt%) seems to have a minor effect on the FFAs conversion with values around 90%. For 
a reaction time of 150 min, for all experimental conditions, the FFAs conversion was 
similar (around 94%).  
Figure 5.1b presents the FFAs conversion for oleic acid as a function of the reaction time 
for 2.5wt% MZT (relative to oleic acid) and in the absence of a catalyst. For a reaction 
  
128 
 
time of 300 min, the reaction catalysed by MZT allowed reaching a FFAs conversion of 
82%, while for the reaction without a catalyst, the FFAs conversion was 47%. 
 
a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 5.1 FFAs conversion as a function of the reaction time a) Amberlyst-15 b) 
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A pseudo homogenous model was considered in terms of a heterogeneous catalyst 
concentration in a batch reactor, considering that there was no diffusion (mass transfer) 
limitation through the pores of the catalysts [Tesser et al., 2009]: 
 
−
𝑑𝑁𝐴
𝑑𝑡
= 𝑟′𝑊 
 
(5.1) 
 
where NA is the mol of oleic acid (mol), r’ is the reaction rate (mol/g cat/min), W is the 
weight of catalyst (g) and t is the reaction time (min). For a second order reaction rate, 
with forward and reverse reactions, Equation 5.1 becomes: 
−
𝑑𝐶𝐴
𝑑𝑡
= 𝑘𝐴𝐶𝐴𝐶𝑀 − 𝑘𝐴
−1𝐶𝐹𝐶𝑊 
 
(5.2) 
Where kA and kA
-1 are the second order kinetic constants (forward and reverse reaction, 
respectively) (g cat./mol/min); CM, CF and CW are the respective methanol, FAME and 
water concentrations (mol/g cat).  
CA, CF and CW were expressed as a function of the FFAs conversion (X): 
𝐶𝐴 = 𝐶𝐴0 ∙ (1 − 𝑋) 
𝐶𝐹 = 𝐶𝑊 = 𝐶𝐴0 ∙ 𝑋 
(5.3) 
(5.4) 
where CA0 is the initial FFA concentration (mol/g cat). First and second order models 
were fitted to the data but a mixed kinetic model (forward kinetic constant: first order; 
reverse kinetic constant: second order) fitted best the results. In order to obtain this mixed 
model, CM was removed from Equation 5.2 because methanol was added in 
stoichiometric excess. Then, Equations 5.4 and 5.3 were substituted into Equation 5.2: 
−
𝑑𝑋
𝑑𝑡
= 𝑘𝐴
′ (1 − 𝑋) − 𝑘𝐴
′−1𝐶𝐴0𝑋
2 
(5.5) 
 
where k′A (1/min) and k′A-1 (g cat/mol/min) are the forward and reverse pseudo kinetic 
constants. In the case of the homogenous reaction (no catalyst), the molar concentration 
(2.87 mol/L) was considered and the unit of k′A-1 was expressed in (L/mol/min).  
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Equation 5.5 was integrated and the pseudo kinetic parameters (k′A and k′A-1) were found 
by a non-linear regression compared to experimental data by maximizing the 
determination coefficient (R2). 
Tableau 5.3 presents the pseudo kinetic parameters obtained by non-linear regression. For 
all conditions tested, the mixed kinetic model fitted approximates the experimental points 
with R2 ranging from 0.986 to 1.000. For an Amberlyst-15 concentration relative to oil of 
5 wt%, an increase of the temperature from 100 to 120°C enhanced k′A from 0.0127 to 
0.0838 (1/min) while k′A-1 decreased from 0.2319 to 0.0814 g/mol/min. For a temperature 
of 120°C, an increase of the catalyst concentration from 2.5 to 5.0 wt% increased k′A 
from 0.0446 to 0.0838 (1/min) while the k’A
-1 also increased from 0.0283 to 0.0814 
g/mol/min. For the same temperature, MZT allowed to obtain a k′A of 0.0080 (1/min) and 
a k′A-1 of 0.0124 g/mol/min. 
The kinetic models results were good compared to the study of Tesser et al. [2009] using 
Amberlyst-15 as a catalyst. Using a pressurized batch reactor (600 mL) containing 200g 
of a model oil with 50 wt% oleic acid in a soybean oil mixture with methanol (methanol 
to oleic molar ratio of 8) and Amberlyst-15 concentrations ranging from 1 to 10 wt% 
(relative to oleic acid), at a stirring rate of 1500 rpm, at reaction temperatures ranging 
from 80 to 120°C, at pressures ranging from 14.7 to 102.9 psig, Tesser et al. [2009] built 
a 2nd order kinetic model (with and without adsorption limitations) which resulted in 
respective R2 of 0.912 and 0.809. In the present study, the results show that a mixed 
model is more appropriate because the R2s obtained were higher (0.986-1.000). The 
effect of temperature on the pseudo kinetic constants is well known for several chemical 
reactions linked to the Arrhenius equation [de Jong et al., 2009]. The fact that k′A was 
higher at 120°C (6-7 times higher) than at 100°C, for Amberlyst-15, means that the 
temperature has a strong effect on the kinetic constant k.  
Considering the forward pseudo kinetic constant k′A, the reaction with MZT is more than 
3 times faster than the esterification with no catalyst, but 8 times slower by using 
Amberlyst-15, which could mean that the lower acid strength of the sites of MZT (Data 
not shown) has an important effect on the kinetic of esterification reactions. To our best 
knowledge of the literature, there is no kinetic modeling of FFAs esterification using 
supported MoO3 on mixed oxide catalysts. However, Kotbagi et al. [2013] tested the 
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effect of reaction time on acetic acid catalyst by MoO3 supported on silicon oxide 
(MoO3/SiO2). At a reaction temperature of 75°C, they used a 20 mol% MoO3 on a 
support of silicon oxide (10 wt% MoO3/SiO2 compared to acetic acid) to catalyze a 
reaction of esterification of acetic acid using ethanol (molar ratio to acetic acid of 1.2) as 
an alcohol. They increased the reaction time from 60 to 480 min and observed an increase 
of the acetic acid conversion from 42 to 77%. 
 
Tableau 5.3  Pseudo kinetics parameters evaluated according to model equations 5.5 
Catalyst Catalyst 
concentration 
(wt% relative 
to oleic acid) 
Temperature  
(°C) 
k’A 
(1/min) 
k’A
-1  
(g cat/mol/min) 
R2 
Amberlyst-15 5 100 0.0127 0.2319 0.991 
120 0.0838 0.0814 0.986 
2.5 0.0446 0.0283 0.999 
MZT 0.0080 0.0124 0.998 
No catalyst 0 0.0023 0.0003* 1.000 
*units of k’a
-1 are expressed in L/mol/min 
 
 Effect of catalyst (Amberlyst-15) relative to oleic acid  
Figure 5.2 presents the FFAs acid conversion as a function of the Amberlyst-15 mass 
ratio relative to oleic acid. The increase of FFAs conversion from 12 to 88% when the 
Amberlyst-15 concentration was increased from 0 to 2.5wt% (compared to oleic acid). 
Over an Amberlyst-15 concentration relative to oleic acid of 2.5 wt%, no significant 
increase of the FFAs conversion was observed (91% conversion). 
As discussed previously, the kinetics of an esterification reaction depends on the catalyst 
concentration. However, for a reaction time of 60 min (Figure 5.2), the maximum  FFAs 
conversion is reached at 2.5 wt% Amberlyst-15 relative to oleic acid. An increase of the 
reaction surface (and, consequently,the number of acid sites) had no positive influence on 
the FFAs conversion because the esterification reaction rate was slowed down by the 
reverse reaction (as shown in Tableau 5.3). Consequently, a 2.5 wt% Amberlyst-15 
relative to oleic acid was the best catalyst concentration tested, as discussed previously 
(Figure 5.1a). 
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Figure 5.2 FFAs conversion as a function of Amberlyst-15 to oil mass ratio 
(reaction time: 60 min ; reaction temperature: 120oC) 
A similar effect was also observed by Patel and Narkhede [2012]. Using a zeolite H 
modified with 12-tungstophosphoric acid (30 wt%) (WPA/zeolite H, they tested the 
effect of the catalyst to oil mass ratio for a reaction time of 360 min, a reaction 
temperature of 60°C and a methanol relative to oleic acid molar ratio of 20. They found 
that, for an increase of the catalyst (WPA/Hconcentration from 0.88 to 3.5 wt% 
relative to acid oil, the FFAs conversion increased from 43 to 83%. Over a catalyst 
(WPA/Hconcentration of 3.5wt% relative to acid oil, no significant increase of FFAs 
conversion was observed. On the other hand, for another study, the effect of catalyst 
concentration was limited. For the esterification of a waste cooking oil (WCO) containing 
FFAs (level measured but not mentioned by the authors) with Amberlyst-15 as a catalyst, 
Gan et al. [2012] tested a methanol to WCO molar ratio of 15, a reaction time of 90 min 
and a temperature of 65°C. For 1, 2 and 4 wt% Amberlyst-15 relative to WCO, they did 
not observe any significant effect of the catalyst concentration with a maximum FFAs 
conversion around 60%. According to our experiments, a low level of FFAs in the WCO 
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could explain the fact that the catalyst concentration had no significant effect on the FFAs 
conversion found by Gan et al. [2012] in opposition to the present study because a low 
level of FFAs slows down the reaction of esterification and favors the reverse reaction.  
 Effect of glycerol 
As glycerol is a by-product from triglycerides transformation into biodiesel by 
transesterification (around 10 wt%, based on stoichiometry) and acid catalysis can also 
transform triglycerides into FAME, the effect of glycerol on FFA conversion glycerol 
was tested. Figure 5.3 presents the FFAs conversion as a function of glycerol mass ratio 
relative to oleic acid catalyzed by Amberlyst-15. For an increase of glycerol mass ratio 
relative to oleic acid from 1 to 10 wt%, the FFAs conversion decreased from 88 to 78%.  
 
 
Figure 5.3 FFAs conversion as a function of the glycerol to acid oil mass ratio 
catalyzed by Amberslyst-15 (catalyst relative to oleic acid: 2.5 wt% ; reaction time: 
60 min ; reaction temperature: 120oC ; methanol to oleic acid molar ratio: 5) 
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The performance reduction after the increase of glycerol content from 0 to 10wt% was 
not surprising as glycerol is a polar compound which could be adsorbed by sulfonic acid 
sites at the surface of Amberlyst-15. As the reaction active sites become occupied by 
glycerol molecules, a lower number of sites were used to produce FAME. As another 
study showed that Amberlyst-15 adsorbed water and methanol (by visual inspection) 
[Park et al., 2010], the present study shows that Amberlyst-15 attracts polar compounds 
such as glycerol. As the triglycerides transesterification can generate more polar 
compounds such as mono, di-glycerides or glycerol [Lotero et al., 2005], these 
compounds could be adsorbed at the surface of the catalyst. Moreover, microalgae lipids 
do not usually contain glycerol, but they can include polar lipids, such as phospholipids 
or glycolipids [Dong et al., 2013; Veillette et al., 2012]. So, if these lipids can be 
adsorbed at the surface of the catalyst, the by-products of the biodiesel reaction could 
also be trapped at the surface of Amberlyst-15 active sites. The decrease of performance 
could also be linked to the adsorption of water by the active catalytic sites [Park et al., 
2010], even if the glycerol grade used in the present study contained a relatively low level 
of water (2-5 wt%). Consequently, Amberlyst-15 should be washed with polar solvents to 
remove the glycerol in order to restore the catalyst performance when the glycerol is 
adsorbed by Amberlyst-15.  
 Type of catalyst 
Figure 5.4 presents the FFAs conversion and the FAME content for different catalysts. 
The Amberlyst-15 catalyst allowed the highest FFAs conversion (88%), followed by 
MZT with a FFAs conversion of 36% while Z3T, ZT, 3ZT and WZT showed no 
significant improvement of the FFAs conversion compared to an absence of catalyst with 
values ranging from 9 to 15%. For all the catalysts tested, the FAME content showed a 
trend similar to the FFAs conversion with values ranging from 8 to 90% (g FAME/g 
biodiesel). 
The study confirms that Amberlyst-15 is better than the ZrTiO based-catalysts with a 
maximum FFAs conversion of 88%. According to our best knowledge of the literature, 
there are a very few studies comparing Amberlyst-15 with other catalysts. For biodiesel 
production, Amberlyt-15 showed a better performance than sulfated zirconia based-
catalysts but was not better compared to H2SO4 [Kiss et al., 2006]. 
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Zirconium-titanium mixed oxides had a positive effect on the performance of 
esterification [Li et al. 2011]. Using a temperature of 170°C for 6h, they used ZrTiO 
(24wt% compared to lactic acid) for the esterification of lactic acid with n-butanol (n-
butanol to lactic acid molar ratio of 10) and obtained the highest FFAs conversion (96%) 
using an initial molar ratio Zr/Ti of 1. In the present study, in opposition, for a reaction 
time of 60 min and a temperature of 120°C, no significant FFAs conversion was achieved 
(compared to an absence of catalyst) and the Zr/Ti molar ratio did not have any influence 
on the FFAs conversion.  
 
 
Figure 5.4 FFAs conversion and FAME content as a function of the catalyst tested 
(catalyst relative to oleic acid: 2.5 wt%; reaction time: 60 min; reaction 
temperature: 120oC; methanol relative to oleic acid molar ratio: 5) 
 
Usually, WO3 is a more studied acid catalyst for triglycerides transesterification and 
FFAs esterification in the literature [Zubir et Chin, 2010; Xie et Wang, 2013] than MoO3 
[Jacobson et al., 2008] or other oxides such as niobium oxide (NiO3) [Reyes et al., 2012]. 
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The fact that MoO3 was a more effective catalyst than WoO3 was also observed in the 
literature. Producing biodiesel from a WCO containing 15 wt% FFAs at 200°C (stirring 
rate of 600 rpm), for 600 min, with a methanol to oil molar ratio of 6:1, a 10 wt% metal 
oxide loaded on ZrO2 (calcinated at 500°C), a 3 wt% catalyst relative to oil, Jacobson et 
al. [2008] found out that MoO3 was a better catalyst than WO3 to reduce the oil acidity, 
with respective acid values of 5.0 and 5.6 mg KOH/g. Consequently, MoO3 supported 
ZrTiO catalysts should get more attention from researchers for esterification reactions. 
The fact that the FAME content followed the same trend that the FFAs conversion for all 
catalysts tested confirms that the FFAs and are transformed to FAME are not adsorbed at 
the surface of the catalyst.  
 
 Effect of the methanol to oleic acid molar ratio (20 wt% oleic acid 
mass ratio) 
Figure 5.5 presents the FFAs conversion as a function of the methanol to oleic acid molar 
ratio for a 2.5 wt% Amberlyst-15 and MZT (relative to model oil), and an absence of 
catalyst. For MZT and Amberlyst-15 catalysts, an increase of the methanol to oleic acid 
molar ratio from 5.0 to 11 enhanced the FFAs conversion from 17 to 46% and from 54 to 
92%, respectively. Over a methanol to oleic acid molar ratio of 11.5, the FFAs 
conversion remains stable for both catalysts at around 46 and 92%, respectively. In the 
case of the reaction without a catalyst, an increase of the methanol to oleic molar ratio for 
5 to 25 showed no significant effect on FFAs conversion with values varying from 2.3 to 
7.4%. 
The improvement of the performance for MZT and Amberlyst-15 with the increase of the 
methanol to oleic acid molar ratios was not surprizing for an esterification reaction. In 
fact, as the esterification reaction is a chemical equilibrium, an excess of methanol favors 
the production of FAME as observed in another studies [Ramadhas et al., 2005]. A 
similar effect of methanol on the esterification rate was observed by Ramadhas et al. 
[2005]. Studying the rubber seed oil (RSO) FFAs esterification (unknown FFAs initial 
content) catalyzed by a 2 wt% H2SO4 compared to RSO at a temperature of 50°C, a 
reaction time 20-30 min and an increase of the methanol to RSO molar ratio ranging from 
3 to 6, Ramadhas et al. [2005] obtained an increase of FFAs conversion from 69 to 99%. 
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Over a methanol to RSO molar ratio of 6, the authors observed a less significant effect of 
the methanol to RSO molar ratio with a FFAs conversion stable at around 99%.  
 
 
Figure 5.5  FFAs conversion as a function of the methanol to oleic acid molar ratio 
(Initial oleic acid content in canola oil: 20 wt% ; catalyst relative to model oil ratio: 
2.5 wt% ; reaction time: 60 min  ; reaction temperature: 120°C) 
 
The fact that an increase of the methanol to oleic acid molar ratio had no effect of the 
FFAs conversion for the esterification reaction without a catalyst means that the reaction 
was slow and the methanol only increased the volume of the reaction mixture. As oleic 
acid esterification is autocatalytic in absence of a catalyst [Alenezi et al., 2010], the acid 
catalyst (oleic acid) is diluted by methanol and the performance could not be improved.  
The best FFAs conversion of 92%, obtained with the Amberlyst-15 catalyst, means that 
the remaining FFAs of the treated oil would be lower than 2 wt% (1.6 wt%) [Abidin et 
al., 2012], which means that Amberlyst-15, used under in these conditions, would be the 
most appropriate catalyst tested to transform the microalgae lipids into biodiesel.   
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5.5.3 Microalgae oil 
 Microalgae FFAs conversion 
Tableau 5.4 presents the results in terms of FFAs conversion, FAME content, biodiesel 
mass yield and FAME yield for the esterification model oils (27 and 33 wt% FFAs in 
canola oil) and for microalgae lipids (S. obliquus and C. protothecoides) catalyzed by 
Amberlyst-15 or H2SO4. For all the experiments, the biodiesel mass yield varied from 73 
to 95% (g biodiesel/g lipid). For the esterification reactions catalyzed by Amberlyst-15, 
the biodiesel mass yield obtained was higher than for model oils (with respective mass 
yield of 92.5 and 94.5% (g biodiesel/g lipid) for 27 and 33 wt% oleic acid in canola oil) 
in comparison to microalgae lipids with maximum biodiesel mass yields of 88.8% (g 
biodiesel/g lipid). For S. obliquus microalgae lipids, at a methanol/lipid ratio of 0.573, a 
FFAs conversion of 35% was obtained with Amberlyst-15 (FAME yield: 10% (g 
FAME/g lipid)) compared to 94% when H2SO4 was used as a catalyst (FAME yield: 26% 
(g FAME/g lipid)). When, the methanol/lipid ratio was doubled (0.57-1.15 mL/g), the 
FFAs conversion catalyzed by Amberlyst-15 increased to 67% (FAME yield: 17% (g 
FAME/g lipid)). In comparison, when Amberlyst-15 was used to catalyze the 
esterification of FFAs from the model oil (33 wt% oleic acid in canola oil) under similar 
conditions, a FFAs conversion of 91% (FAME yield: 37% (g FAME/g lipid)) was 
obtained. In case of C. protothecoides at a methanol lipid ratio of 0.573 g/mL, the FFAs 
conversion was 84% (FAME yield: 21% (g FAME/g lipid)) while the FFAs conversion 
for the model oil was 91% (FAME yield: 27% (g FAME/g lipid)).  
The fact that the esterification of both microalgae lipids catalyzed by Amberlyst-15 as a 
catalyst resulted in a slightly lower mass yield of biodiesel than the corresponding model 
oils probably (-4 to -7%) means that Amberlyst-15 had an affinity for some components 
of the microalgae lipids or the lipid components (such as pigments) less soluble in hexane 
might have been trapped by the catalyst filtration. Moreover, the lowest biodiesel mass 
yield (73% g biodiesel/g lipid) and the highest FAME content (36% g FAME/g biodiesel) 
were obtained with H2SO4 as a catalyst suggests that H2SO4 might have reacted with 
microalgae components (such as chlorophyll) and changed their polarity [Halim et al., 
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2010], which resulted in impurities mass loss during hexane recovery. Moreover, the fact 
that the use of a homogeneous catalyst such as H2SO4 involves a water washing step 
would result in a waste of feedstock for an eventual 2nd reaction step (alkali) or would 
require a further step of biodiesel recovery. The impurities contained in microalgae lipids 
are also linked to the lower FFAs conversion obtained with microalgae lipids. In fact, the 
microalgae lipids showed lower FFAs conversions than the model oil for Amberlyst-15 
catalyzed esterification, which might be linked to mass transfer limitations from the 
liquid phase to the surface of the catalyst. Microalgae lipids contain a number of high 
molecular weight compounds [Bai et al., 2011] such as chlorophyll (around 900 g/mol 
[Sigma-Aldrich Co. LLC., 2014]) and carotenoids (up to 659 g/mol for fucoxanthin 
[Sigma-Aldrich Co. LLC., 2014]) that might create barriers to lower molecular weight 
(such as FFAs) through the pores of Amberlyst-15 and could reduce the FFAs 
conversion. Furthermore, as S. obliquus lipids kinetic viscosity was visually higher at 
room temperature (normal pressure) than C. protothecoides and the latter showed a 
higher conversion (84% compared with 35%), the conversion of microalgae FFAs might 
be influenced by the shear stress induced by the higher molecular weight compounds 
contained in S. obliquus. Consequently, a kinetic model for microalgae FFAs conversion 
catalyzed with Amberlyst-15 catalyst should include mass transfer limitations. According 
to our best knowledge of the literature no authors studied the mass transfer limitations for 
microalgae FFAs esterification catalyzed by Amberlyst-15. However, using zeolithe- as 
a catalyst (2 wt% compared to the blend of oil and methanol), methanol as an alcohol (a 
methanol to lipid molar ratio of 100) for biodiesel production (stirring rate of 1000 rpm) 
from Nannochloropsis gaditana microalgae lipids at temperatures ranging from 85 to 
115°C (autogenous pressure), Carrero et al. [2011] found that Nannochloropsis gaditana 
microalgae lipids were creating internal diffusion problems for the conversion of lipids 
into biodiesel. Moreover, in the present study, doubling the methanol to lipid ratio for S. 
obliquus esterification resulted in a FFAs conversion almost twice higher. Consequently, 
increasing the methanol to lipid molar ratio might be a good strategy to reduce the 
microalgae lipids viscosity and increase the FFAs conversion. This might explain why 
some microalgae biodiesel studies using alkali heterogeneous catalysts tested relatively 
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high alcohol to lipid molar ratios (> 30:1) [Carrero et al., 2011] compared to the 
stoichiometric ratio for triglycerides (3:1) transesterification [Chisti, 2007].  
According to these results, C. protothecoides would be a more suitable microalgae 
species to produce biodiesel because of its lower acidity level (initial and final respective 
values of 27 and 4.3 wt%) but S. obliquus lipids might contain more valuable lipids 
because of the mass transfer limitations discussed previously. In comparison, using C. 
sorokiniana (UTEX 1602) microalgae biomass as a feedstock (lipids with 46 wt% FFAs), 
Dong et al. [2013] used a direct esterification process without prior lipids extraction 
(temperature 90°C, methanol/biomass: 4 mL/g biomass, 30 wt% Amberlyst-15 compared 
to microalgae biomass, reaction time: 70 min) and obtained a FAME yield of 49% (g 
FAME/g lipid). Despite the fact that the FFAs conversion was relatively high (the FFAs 
conversion was not mentioned, but the final acidity was close to 0 mg KOH/g), this 
process requires a high load of catalyst relative to total lipids (Amberlyst-15 relative to 
lipids: 234 wt%) and a high load of alcohol (methanol/lipid ratio: 31 mL/g). In the 
present study, only 2.5 wt% Amberlyst-15 (relative to lipids) was necessary with a lower 
methanol/lipid ratio (1.15 mL/g). Another difference with the present study is the way 
that Dong et al. [2013] evaluated the total lipid content using the FAME weight after 
transesterification, which improves the FAME yield because this measurement does not 
take into account the unsaponifiables lipids or chlorophyll when an extraction is 
performed. Moreover, those authors used chloroform as a solvent for the product 
recovery; this solvent would be not usable for an industrial scale biodiesel production.  
Even if Amberlyst-15 showed interesting catalytic properties, H2SO4 catalyzed 
esterification of S. obliquus lipids reached a higher FFAs conversion (93.4%) which 
caused a decrease of the oil acidity to a level around 2 wt%. This low level of FFAs 
(lower than 2 wt%) is generally acceptable for an alkali 2nd reaction step [Abidin et al., 
2012]. In general, the literature showed that H2SO4 is a better catalyst than Amberlyst-15 
for the same reaction conditions [Kiss et al., 2006]. In fact, H2SO4 was very effective to 
reduce the oil acidity of algae oil in other studies [Chen et al., 2012; Suganya et al., 
2014]. According to our best knowledge of the literature, few studies have used 
heterogeneous catalysts to reduce microalgae oil acidity [Dong et al., 2013]. The main 
advantages of heterogeneous catalysts are the facts that there is no corrosion of the 
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reaction vessel induced by the catalyst and they can be relatively easily re-used. In the 
case of exchanging ions resins such as Amberlyst-15, it was shown by another author that 
the catalyst can be re-used with small (almost neglectable) decrease of the FFAs removal 
performance [Abidin et al., 2012]. Using microalgae C. sorokiniana biomass (UTEX 
1602) with a FFAs content of 46 wt%, a study also suggested that Amberlyst-15 can also 
be re-used 8 times (initial Amberlyst-15 relative to lipid ratio of 30 wt%) in a direct 
esterification process (temperature 90°C, methanol/Amberlyst-15 ratio: 2 mL/g, reaction 
time: 1h) without significant lost of performance, with FFAs conversions around 100% 
[Dong et al., 2013].  
Briefly, only a H2SO4 catalyzed esterification allowed to reach a level a low enough 
FFAs (2 wt% or lower) for a 2nd alkali step without a problem of soap formation [Abidin 
et al., 2012], but Amberlyst-15 showed interesting FFAs conversions mainly for the 
microalgae C. protothecoides. 
 Microalgae FAME composition 
Tableau 5.5 presents the FAME mass composition as a function of the feedstock (model 
oil or microalgae lipids). As seen in Tableau 5.5, for both microalgae, no polyunsaturated 
(> 3 double bounds) FAME were found. Concerning the FAME composition of the 
biodiesel produced from all the raw materials (model oil and microalgae lipids), the most 
significant FAME component was methyl oleate with values ranging from 33 to 89 wt%. 
For microalgae biodiesel, the main FAME component for S. obliquus biodiesel were 
methyl oleate (45 wt%), methyl linolenate (21 wt%) and methyl palmitate (18 wt%) 
while for C. protothecoides, the main FAME components were methyl oleate (33 wt%), 
methyl linoleate (32 wt%) et methyl linolenate (19 wt%). 
As for the quality of the FAME content obtained by esterification using Amberlyst-15, 
both microalgae are interesting for biodiesel production because the microalgae do not 
contain any polyunsaturated FAME. This information is critical because a high content of 
polyunsaturated FAME creates problems of biodiesel quality such as poor cetane number 
and oxidation stability [Veillette et al., 2012]. It is generally a problem for microalgae 
biodiesel, which can contain up to 56 wt% polyunsaturated FAME [Lewis et al., 2000].  
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Tableau 5.4 Results for microalgae lipids FFAs conversion and FAME yield 
 
Tableau 5.5   FAME composition of model oils and microalgae lipids 
  
Scenedesmus 
obliquus  
33%wt  
FFAs 
Chlorella 
protothecoides 
27%wt  
FFAs 
wt% 
Methyl palmitate (C16:0) 18 1 14 2 
Methyl stearate (C18:0) 0 3 2 3 
Methyl oleate (C18:1) 45 89 33 88 
Methyl linoleate (C18:2) 15 6 32 7 
Methyl linolenate (C18:3) 21 1 19 1 
Feedstock Catalyst FFAs  
 
 
(% wt) 
Methanol/lipid 
 
 
(mL/g) 
FFAs  
conversion  
 
(%) 
FAME content 
 
(% g FAME/g 
biodiesel) 
Biodiesel mass yield 
 
(% g biodiesel/g lipid) 
FAME yield 
 
(% g FAME/g 
lipid) 
Model oil  
(33 wt%) 
Amb-15 
 
 
33 0.57 91 37 95 35 
Scenedesmus 
obliquus 
35 11 88 10 
1.15 67 22 80 17 
H2SO4 0.57 94 36 73 26 
Model oil  
(27 wt%) 
Amb-15 
 
27 91 29 93 27 
Chlorella  
protothecoides 
84 23 89 21 
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According to European Standards for biodiesel, a biodiesel must contain at most 1 mol% 
polyunsaturated FAME to satisfy to EN 14214 biodiesel standard for vehicle use 
[Knothe, 2006]. Among those 2 microalgae, S. obliquus was the most appropriate 
microalgae to produce biodiesel because of its higher content in methyl oleate (45 wt%) 
and methyl palmitate (18 wt%). If the final product, after a second step (alkali) of 
biodiesel production process, had a similar FAME composition, the quality of the 
biodiesel produced from both microalgae would meet the requirements for a biodiesel 
production, based on the FAME content. 
5.6 Conclusion 
Le but de cette étude était de tester des catalyseurs hétérogènes (Amberlyst-15 et oxydes 
mixtes zirconium-titane) pour transformer l’acide oléique en biodiesel. Avec les 
meilleures conditions testées, une conversion des AGLs de 88% a été atteinte avec les 
conditions suivantes : température: 120°C, temps de réaction: 60 min, catalyseur : 2.5% 
(m/m) relatif à l’acide oléique et un ratio molaire méthanol-acide oléique de 5. Avec des 
conditions opératoires similaires, mais avec un ratio constant méthanol/lipides de 0.57 
mL/g, pour l’estérification des AGLs des lipides des microalgues (S. obliquus and C. 
protothecoïdes) en utilisant un catalyseur d’Amberlyst-15, les conversions des AGLs ont 
été affectées par les transferts de masse et ont atteint des conversions des AGLs 
respectives de 35 et 84%.  
5.7 Conclusion 
The goal of this study was to test heterogeneous catalysts (Amberlyst-15 and ZrTiO 
based catalysts) to transform oleic acid into biodiesel. Under the best conditions tested, a 
FFAs conversion of 88% was achieved using the following conditions: temperature: 
120°C, reaction time: 60 min, a 2.5 wt% Amberlyst-15 relative to oleic acid and a 
methanol to oleic acid molar ratio of 5.  
Under similar operating conditions, but at constant methanol/lipid ratios of 0.57 mL/g, 
for microalgae lipids (S. obliquus and C. protothecoides) FFAs esterification, the FFAs 
conversions were affected by mass transfer limitations with respective FFAs conversions 
of 35 and 84%.  
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CHAPITRE 6   
PRODUCTION DE BIODIESEL PAR CATALYSE 
HOMOGÈNE ET HÉTÉROGÈNE À PARTIR DE 
MICRO-ALGUES 
 
Avant propos: 
L’article « A biodiesel production process catalyzed by the leaching of alkaline metal 
earths in methanol: from a model oil to microalgae lipids » a été publié dans le Journal « 
Journal of Chemical Technology and Biotechnology » le 1er novembre 2016.  
 
TITRE : Un procédé de production de biodiesel catalysé par le lessivage du métal 
alkalino-terreux dans le méthanol : D’une huile modèle aux lipides de micro-algues 
TITLE : A biodiesel production process catalyzed by the leaching of alkaline metal 
earths in methanol: from a model oil to microalgae lipids 
 
Marc Veillettea,b, Anne Giroir-Fendlerb, Nathalie Faucheuxa, Michèle Heitza* 
a Department of Chemical Engineering and Biotechnological Engineering, Faculty of 
Engineering, Université de Sherbrooke, 2500 Boul. de l’Université, Sherbrooke (Qc), 
Canada  
b Université Lyon 1, CNRS, UMR 5256, IRCELYON, Institut de recherches sur la 
catalyse et l’environnement de Lyon, 2 avenue Albert Einstein, 69626 Villeurbanne 
Cedex, France 
* Corresponding author: Tel: 819-821-8000 ext. 62827 E-mail: 
Michele.Heitz@USherbrooke.ca 
 
Contribution au document: Cet article est pertinent à la thèse parce qu’il évalue d’un 
procédé en 2 étapes pour transformer les lipides des microalgues en biodiesel. 
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6.1 Résumé 
Une méthodologie des surfaces de réponses a été utilisée pour étudier le mécanisme de 
réaction de l’oxyde de strontium (SrO) comme catalyseur pour la production de biodiesel 
en utilisant une huile modèle composée d’esters méthyliques d’acide gras (EMAG), 
d’acides gras libres (AGLs) et de triglycérides. L’influence de plusieurs facteurs (contenu 
en EMAG initial (0-30% m/m), contenu initial en AGLs (acide oléique 0.2-2.7% m/m), 
température (40-60°C), ratio méthanol sur huile modèle (11-43% m/m), ratio catalyseur 
huile par rapport à l’huile modèle (0.5-2.5% m/m) et temps de réaction (5-30 min)) sur le 
rendement en EMAG, le contenu en EMAG, le pH de la phase polaire et l’alcalinité du 
biodiesel a été étudiée. 
L’oxyde de strontium (SrO) a aussi été comparé à l’hydroxyde de potassium (KOH) pour 
la conversion des lipides estérifiés de la microalgue Scenedesmus obliquus en biodiesel 
suite à une 1ère étape d’estérification catalysée par l’acide sulfurique dans les conditions 
expérimentales suivantes : température : 60°C; temps de réaction : 22.2 min; ratio 
catalyseur microalgues : 2.48% (m/m); ratio méthanol par rapport aux lipides des 
microalgues : 31.4% (m/m).  
Avec ces conditions expérimentales, le KOH a permis d’obtenir un rendement en EMAG 
(33% g EMAG/g lipides) légèrement plus élevé que le SrO (29% g EMAG/g lipides). De 
plus, les résultats ont démontré une relation forte entre le pH de la phase polaire 
(glycérol-méthanol-eau) et le rendement en EMAG, ce qui indique que la réaction 
utilisant un métal alcalino-terreux est principalement catalysée par une réaction 
homogène.  
Le fait que le métal alcalino-terreux agisse en tant que catalyseur homogène le rend 
moins intéressant pour la production de biodiesel parce qu’il n’induit pas de pH neutre et 
augmente le risque de corrosion des équipements.  
 
Mots clés : Biodiesel, microalgues, homogène, hétérogène, catalyse, acides gras libres, 
métal alcalin 
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6.2 Abstract 
A response surface methodology was built to study the reaction mechanism of strontium 
oxide (SrO) as a catalyst for a biodiesel production process using a model oil (composed 
of fatty acid methyl esters (FAME), free fatty acids (FFAs) and triglycerides). The 
influence of several factors (initial FAME content (0-30 wt%), initial FFAs content (oleic 
acid 0.20-2.7 wt%), temperature (40-60 °C), methanol to model oil ratio (11-43 wt%), 
catalyst to model oil ratio (0.5-2.5 wt%) and the reaction time (5-30 min)) on the FAME 
yield, the FAME content, the pH of polar phase and the biodiesel alkalinity was studied.  
SrO was also compared to potassium hydroxide (KOH) for the conversion of 
Scenedesmus Obliquus microalgae esterified lipids after a 1st step of FFAs esterification 
with sulfuric acid into biodiesel with the following conditions: temperature: 60°C ; 
reaction time: 22.2 min ; catalyst to microalgae ratio: 2.48 wt% ; methanol to microalgae 
lipid ratio: 31.4 wt%.  
With those operating conditions, KOH was able to reach a slightly higher FAME yield 
(33% g FAME/g lipid) than SrO (29% g FAME/g lipid). Moreover, the results showed a 
strong relationship between the pH of the polar phase (glycerol-methanol-water) and the 
FAME yield, which indicates that the reaction using alkaline metal earths is mostly 
catalyzed by a homogeneous reaction.  
The fact that alkaline metal earth act as homogeneous catalysts make them less suitable 
for biodiesel production, because they are not inducing neutral pH, and they increase the 
risk of corrosion.   
 
Keywords: Biodiesel, microalgae, homogeneous, heterogeneous, catalysis, free fatty 
acids, alkaline metal earth. 
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6.3 Introduction 
Biodiesel is a green source of energy. Blending biodiesel with petrodiesel can help to 
reduce fossil fuels [Veillette et al., 2012]. Biodiesel can be produced with different 
substrates including vegetable oils from oleaginous plants [Liu et al.et, 2007a], animal fat 
[Bianchi et al., 2010] and microalgae lipids [Umdu et al., 2009]. The triglycerides 
contained in those substrates react with an alcohol (generally methanol since it is less 
expensive than other alcohols) and a catalyst (homogeneous or heterogeneous) to produce 
fatty acid methyl ester (FAME) [Chisti, 2007] according to the following stoichiometric 
reaction: 
1 Triglyceride + 3 Methanol
Catalyst
 3 FAME + 1 Glycerol 
(6.1) 
Most of the biodiesel produced these days is based on homogenous alkali catalysis of 
vegetable oils obtained from oleaginous seeds cultivated on arable lands. However, the 
fact those seeds are cultivated on arable lands is a threat to food security and can also 
lead to environmental issues mainly pollution and deforestation [National Research 
Council, 2007; Goldemberg et Guardabassi, 2009]. 
Producing biodiesel from a biomass such as microalgae could help to solve those issues. 
However, producing biodiesel from unusual substrates such as microalgae lipids is more 
complicated by homogenous alkali transesterification because microalgae lipids can 
contain up to 70 wt% free fatty acids (FFAs) depending on the microalgae lipids storage 
conditions [Dong et al., 2013]. Free fatty acids (FFAs) reaction with homogeneous  alkali 
catalysts lead to soap formation, which deactivates the alkali catalyst, increases the 
biodiesel viscosity, reduces the recovery yield of biodiesel and increases the separation 
costs [Lotero et al., 2005]. Consequently, a 2-step biodiesel process using homogeneous 
catalyst is required for high FFAs substrates such as microalgae [Dong et al., 2013]. The 
1st step (acid) is a FFAs esterification and the 2nd step (alkali) consists of a 
transesterification of triglycerides (mainly) into FAME. Both steps can be performed with 
homogeneous or heterogeneous catalysts.   
One of the advantages of heterogeneous catalyst (over homogeneous) is the fact that 
those catalysts cause less corrosion to the reaction vessel [Helwani et al., 2009a; Lotero 
et al., 2005; P. L. Boey et al., 2011], as the reaction occurs at surface of the catalyst.  
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Moreover, those catalysts have the potential to be reused [Helwani et al., 2009a; Kouzu 
et al., 2008].  
Heterogeneous based catalysts were used with [Umdu et al., 2009] or without supports 
[Koberg et al., 2011a; Kouzu et al., 2008]. Among the solid alkali catalysts without 
supports, the most effective is strontium oxide (SrO) [Liu et al., 2007b; Koberg et al., 
2011b]. For example, under mild conditions (< 65°C) and low SrO catalyst 
concentrations (under 3 wt% compared to oil), a biodiesel yield over 90% is obtained for 
a reaction time lower than 5 min with vegetable oils as substrates [Liu et al., 2007a; 
Koberg et al., 2011b]. Moreover, it has been shown that a SrO catalyst can be reused up 
to 4 times without any significant lost of performance during soybean oil 
transesterification [Koberg et al., 2011b]. Moreover, Koberg et al. [2011b] showed that 
SrO was slightly more effective than potassium hydroxide (KOH) to transform soybean 
triglycerides into biodiesel. Consequently, alkaline metal earth catalysts such as SrO 
could be effective to produce biodiesel from microalgae lipids with triglyceride 
conversions up to 100% [Koberg et al., 2011a]. Despite the fact that SrO is an effective 
catalyst, its reaction mechanism is still a matter of discussion. In fact, it has been stated 
by Liu et al. [2007a] that SrO was acting as a solid strong alkaline catalyst. On the other 
hand, it was recently argued by Koberg et al. [2011a] that a large part of the reaction was 
catalyzed by SrO while another part was catalyzed by Sr(OH)2.  
Most of the studies testing metal earth catalysts such as SrO or CaO for biodiesel 
production are mostly testing feedstocks with relatively low level of FFAs (< 2.1wt%) 
such as commercial soybean oils [Wei et al., 2009; Kouzu, Kasuno, Tajika, Sugimoto et 
al., 2008], chicken fat [Boey et al., 2011] or waste cooking oils (WCO) of which the 
FFAs have been saponified and removed [Koberg et al., 2011b]. The FFAs content is one 
of the most important parameters because it has a negative impact on catalyst leaching 
and favours soap formation [Kouzu et al., 2008]. Using a reaction time of 1h, a 0.8 wt% 
CaO relative to WCO, with methanol (molar ratio to soybean of 12) at reflux 
(temperature not specified), Kouzu et al. [2008] found in the biodiesel more than 3000 
ppm of Ca2+ as soap produced at the surface of the catalyst and an important lost of 
catalyst (78 wt% lost).  
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The main objective of the study was to precise the catalytic mechanism of SrO used in a 
2-step biodiesel production process (1st step acid-2nd step alkali) and to optimize the 
reaction conditions using a model oil composed of FAME (biodiesel), FFAs (oleic acid 
(OA)) and triglycerides (canola oil). In order to reach that goal, response surface 
methodology and pH-metry were used. The second objective was to scale-down the 
previous process in order to use microalgae lipids as a feedstock for biodiesel production.  
6.4 Materials and methods 
6.4.1 Materials 
Certified ACS grade solvents (99.8 wt% methanol (CH3OH) and hexane (C6H14)), HPLC 
grade isopropyl alcohol (CH3CH(OH)CH3), 90.0 wt% OA, 89.6 wt% KOH, 99.1 wt% 
sodium hydroxide (NaOH), USP/FCC/EP/BP/JP grade glycerol (2-5 wt% water) and 1N 
hydrochloric acid (HCl) were purchased from Fisher Scientific inc. (Canada). Strontium 
oxide SrO (99.9 wt% trace metal basis), ACS grade phenolphthalein, bromophenol blue 
and potassium hydrogen phthalate (KHP) were purchased from Sigma-Aldrich (USA). 
Sodium sulphate (Na2SO4) (99.0 wt%) and sulfuric acid (H2SO4) (95-98 wt% )were 
provided by Anachemia (Lachine, Canada) while commercial canola oil was bought from 
a local store.  
The pH measurements were recorded on an Eutech pH 700 (Thermo scientific inc., USA) 
pH-meter able to read pH from a range from -2 to 16. The pH meter was calibrated using 
standard aqueous solutions (pH 4, 7 and 10).  
6.4.2 Methods 
 Model oil production 
The canola oil acidity was determined by titration with a 0.015 N KOH-isopropanol 
solution using phenolphthalein as an indicator. The titration was performed in triplicate. 
The FFAs concentration (expressed as OA) was 0.194±0.015 wt%.  
The FAME used for the catalytic tests was obtained by homogeneous alkali catalysis of 
canola oil using 1 wt% NaOH (relative to canola oil) and methanol (molar ratio 6 relative 
to canola oil) as an alcohol. The mixture was heated at 60°C for 120 min (Patm, reflux), in 
order to ensure the highest conversion of triglycerides into biodiesel. Then, the blend was 
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transferred into an extraction funnel and glycerol was allowed to settle. The lower phase 
was recovered and the upper phase (biodiesel) was washed with distillated water until a 
neutral pH. Then, Na2SO4 was used to remove water traces and methanol was evaporated 
under vacuum at 65°C.  
The model oil was prepared by mixing OA, FAME and canola oil with the right 
proportions. For more details about the composition of the model oil, see Table S1 in the 
supplementary material. 
 Transesterification the model oil using a SrO catalyst and the experiment 
design 
The catalytic tests for biodiesel production were performed using a 50 mL 3-necks round 
bottom flask (equipped with a reflux column). Tableau 6.1 presents the experimental 
design variables. One hundred (100) experiments (Model type: cubic, 85 points 
experiments, 10 points replicates, 5 point lack of fit and 2 blocks) were randomly 
generated by Design-Expert 9.0.1 (mode: custom design (optimal)). In addition, 10 points 
were manually added to improve the model at the boundaries conditions. The 
experimental design is available in the supplementary material. 
 
Tableau 6.1 Variable of the experimental design for the study 
Variable Name Range Unit 
XB Initial FAME content 0-30 wt% 
XF Initial FFA content 0.19-2.69 wt% 
XRT Reaction temperature 40-60 °C 
XM Methanol concentration relative to oil  11.0-43.9 wt% 
XC Catalyst concentration relative to oil 0.5-2.5 wt% 
Xt Reaction time 5-30 min 
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Fifteen grams (15 g) of the oil blend was heated to the require temperature. Then, 
methanol (11.0-43.9 wt%, relative to the oil blend) and SrO (0.5-2.5 wt% relative to the 
oil mixture) were added to the reaction mixture. The reaction mixture was kept at 
constant temperatures (40-60°C) for reaction time varying between 5 and 30 min at 
atmospheric pressure. After the reaction time completed, the reaction mixture was 
filtrated to remove the catalyst and transferred into a separation funnel for settling. Then, 
the bottom phase (glycerol and methanol) was recovered and 20 mL of distilled water 
was added to this phase. Then, the polar phases (water, methanol and glycerol) were kept 
for further analysis. The upper phase (biodiesel) was dried over Na2SO4 and methanol 
was evaporated under vacuum (65°C). The biodiesel obtained was weighted and kept for 
further analysis. 
 Reaction mixture apparent pH  
The method used in this part was similar to the experimental design (previous part) but a 
pH-meter was added to the 3-neck 50 mL flask in order to measure the apparent pH of 
the reaction mixture. Tableau 6.2 presents experimental conditions of the pH-metry tests. 
In the 1st part of the experiments, canola oil (0.2 wt% FFAs) was used for biodiesel 
production in the following conditions: temperature: 50°C ; reaction times of 5, 10, 15 
and 30 min with a 33 wt% methanol relative to oil mixture and a 2 wt% SrO relative to 
model oil. The polar phase pH and the final FAME content were compared to the 
apparent pH monitored in a single experiment of 30 min.  
In the 2nd part of the experiments, using the same reaction conditions as in the 1st part, the 
apparent pH of a model oil containing 2.7 wt% FFAs was monitored for a reaction time 
of 60 min.  
 Process scaled-down and microalgae tests  
Scaled-down reaction were carried out in a 25 mL sealed bottle with a magnetic stirrer 
(200 rpm) plugged into a silicon oil bath controlled by a thermocouple linked to a 
temperature controller. The optimal conditions obtained for the experimental design 
(initial FAME content: 7.5 wt%; initial FFAs content: 2.7 wt%; temperature: 60°C; 
methanol: 15.7 wt% relative to oil mixture: catalyst: 2.5 wt% relative to oil mixture; 
reaction time: 22.2 min) were selected for the scale-down. 
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Model oil scaled-down to prepare assays with microalgae lipids 
The optimal conditions for biodiesel production were tested at a 1g scale using the model 
oil and SrO as a catalyst. As the liquid level in the pressurized 25 mL batch reactor was 
lower (< 2 mL), the effect of methanol-lipid ratio was tested in order to obtain a highest 
FAME content as possible. The following methanol to oil mixture ratios were tested: 
10.6, 15.6, 23.5, 27.5, 31.4 and 43.9 wt%. Then, the best methanol to oil mixture mass 
ratio (31.4 wt%) was tested with microalgae lipids. 
 
Tableau 6.2 Experimental conditions of pH-metry tests 
 Process variables Measured variables 
Catalyst Time 
 
(min) 
Initial FFA 
content  
(wt%) 
Final FAME 
content  
Polar phase pH 
SrO 
(2 wt% compared 
to model oil) 
 
5-30 0.2 yes yes 
30 0.2 no no 
60 2.7 no no 
 
Microalgae lipid extraction   
A Soxhlet extraction method was used as previously described [Veillette et al., 2015] to 
extract the lipids from the mixotrophic microalgae Chlorella protothecoides and 
Scenedesmus obliquus. In typical experiments, 12 g of lyophilized microalgae biomass 
was introduced into a cellulose thimble (Whatman) and 140 mL of hexane was used to 
extract the lipids at reflux for 90 min. The microalgae lipid solution was concentrated by 
the evaporation of hexane at 65°C (under vacuum) to a total volume of around 10 mL. 
Then, 20 mL of concentrated lipid-hexane blend (from 2 different extractions) was 
transferred into a 25 mL bottle. The remaining hexane was evaporated under vacuum.. 
The lipid yield obtained by this method for C. protothecoides and S. obliquus, 2.20 and 
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2.08 wt%, respectively, were relatively low compared to the maximum lipid yield of 75 
wt% reported for other microalgae such as Botryococcus braunii [Deng et al., 2009].  
2-step biodiesel process using heterogeneous and homogenous catalysts  
Step1-Microalgae lipid esterification 
Microalgae lipids (0.42-0.58 g), methanol (45.1 wt% compared to lipids) and a catalyst 
(2.5wt% (Amberlyst-15 or H2SO4) compared to lipids) were introduced into a 25 mL 
glass bottle which contained a magnetic stirrer. The bottled was sealed and plunged into a 
silicon oil bath at 120oC±3oC for a reaction time of 60 min (stirring rate around 200 rpm). 
The bottle was quenched and the product recovery was performed using 3x5 mL hexane. 
For Amberlyst-15, the upper phase was filtered. For the H2SO4 catalyzed reaction, the 
upper phase was washed with distilled water in order to remove the acid. Then, N2SO4 
was used to dry water traces and the organic solvents (methanol and hexane) were 
evaporated under vacuum at 65°C. 
Step 2-Microalgae lipid transesterification 
The conditions tested in the 2nd step were the best reaction conditions obtained from the 
model oil scale down. Esterified microalgae lipids (0.39-0.53g) were mixed with 
methanol (31.4 wt% compared to esterified lipids) and a KOH or SrO catalyst (2.5 wt% 
compared to esterified lipids) and heated to 60±3oC for 22.2 min. The methodology for 
the biodiesel recovery was similar to the microalgae lipids esterification part (1st step).  
6.4.3 Analysis 
 FAME content by gas chromatography 
The FAME quantitative composition of biodiesel was determined using a Varian-3800 
gas chromatograph equipped with a mass spectrometer (Varian Inc, Canada) as 
previously described [Veillette et al., 2015].  
 Polar phase pH after biodiesel settling 
The polar phase (methanol, glycerol and water) obtained by settling of the reaction 
mixture was centrifuged at 8000 rpm (room temperature) for 5 min in order to separate 
soap from the polar phase. The pH of the polar phase (stirring at 200 rpm) was measured 
with the pH-meter until a stable value for 30 sec. 
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 Biodiesel alkalinity  
The determination of the biodiesel alkalinity was determined with a modified analytical 
procedure of Nelson and Amer [1973]. A bromophenol blue solution was prepared by 
dissolving bromophenol blue into isopropanol (50 mg/L). Then, the apparent pH of the 
solution was adjusted at 5.0±0.1 using a solution of 0.05 N KOH in isopropanol.  
One (1) mL of the bromophenol blue-isopropanol solution (50 mg/L) was added to 10 
mL of isopropanol containing 1g of biodiesel. The alkalinity of the biodiesel phase was 
evaluated by a titration using a 0.01 N HCl-isopropanol solution until the yellow end-
point.  
The alkalinity (mmol HCl/g) was evaluated as follows: 
𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 = 𝐶𝑖 (
𝑉𝑖
𝑚𝑖
) 
(6.2) 
Where mi mass of biodiesel (g), Vi is the volume (L) of the HCl-isopropanol solution (10 
mN) used to titrate the biodiesel, Ci, is the concentration of the HCl-isopropanol solution 
(10 mN) used to titrate the respective biodiesel.  
6.5 Results and discussion 
6.5.1 Response surface design: analysis 
For all the responses, mathematical transformations were applied to improve the response 
models and the “Lack of Fit”. For the FAME yield, the final FAME content and the 
FAME alkalinity responses, logit transformations (ln) were applied while a square root 
transformation was applied to the polar phase pH response. For all the responses except 
the FAME yield, the model was analyzed backward (rejecting alpha > 0.05) with the 
respect of the variables hierarchy. For the FAME yield, the model was analyzed 
backward (rejecting alpha > 0.10) because, by rejecting alpha > 0.05, the model was 
suffering from a "Lack of Fit". Surface equations for each response are limited to the 
simple variables (XB, XF, XRT, XM, XC and Xt). The complete surface responses equations 
and the mathematical transformations applied to each model are available in the 
supplementary material part. 
Figure 6.1 presents the predicted values versus the experimental values for each response 
model (FAME yield, polar phase pH, FAME content and biodiesel alkalinity).  
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c.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
d.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Predicted values compared to experimental values for a) FAME yield 
b) final FAME content c) polar phase pH and d) Biodiesel alkalinity. 
Tableau 6.3 presents the results for all the model responses (FAME yield, final FAME 
content, polar phase pH and biodiesel alkalinity). 
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Tableau 6.3 Surface equations for each response (FAME yield, final FAME 
content, polar phase pH and biodiesel alkalinity) 
Parameter Surface equation Equation 
FAME yield ln[(FAME yield + 3.00)/(83.00 - FAME yield)] = 
51.31 + 0.28XB + 0.61XF -2.30XRT + 0.20XM + 
11.20XC – 3.29Xt ... 
(6.3) 
Final FAME content ln[(Final FAME content + 8.00)/(99.20 - Final FAME 
content)] = 25.94 -0.91XB + 1.23XF -1.27XRT + 
0.49XM + 21.44XC – 2.81Xt ... 
(6.4) 
Polar phase pH (Polar phase pH-2) 0.5 = 0.01 + 0.05XB - 0.48XF + 
0.01XRT + 0.28XM + 6.01XC - 0.58Xt ... 
(6.5) 
Biodiesel alkalinity ln[(Alkalinity + 0.29)/( 131.50 - Alkalinity)] = -20.58 
+ 0.26XB – 1.08XF + 0.20XRT + 0.85XM + 4.00XC - 
0.82Xt ... 
(6.6) 
 
Tableau 6.4, presents the statistical parameters for each model responses. As shown in 
Tableau 6.4, all models (FAME yield, polar phase pH, FAME content and biodiesel 
alkalinity) had a high adequate precision (over 4) ranging from 16.5 to 26.9 and were 
valid to interpret the data. However, the R2 for biodiesel alkalinity was relatively low at 
0.7945, which could mean that the strontium soap (polar compound), obtained from the 
SrO catalyst, settling in biodiesel phase, due to its low solubility in the biodiesel phase 
(non-polar), influenced the results. For Figure 1d compared to Figures 1a, 1b and 1c, the 
points are dispersed compared to the theoretical line (Predicted = Experimental). 
Consequently, the biodiesel alkalinity model is less precise to predict values and less 
valid to interpret the data. Consequently, the biodiesel alkalinity was not considered for 
the effects analysis. 
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Tableau 6.4 Statistical parameters obtained for the model responses (FAME yield, 
final FAME content, polar phase pH and biodiesel alkalinity). 
  
FAME 
yield 
Final FAME 
content 
 
Polar phase 
pH 
Biodiesel 
alkalinity 
 
Model F-value 21.79 28.35 41.28 11.03 
"Lack of Fit" Fvalue 1.03 2.87 2.52 0.63 
Pvalue   0.5313 0.0583 0.0836 0.8525 
Regression coefficient 
(R2) 
0.9453 0.9619 0.9758 0.7945 
Adjusted R2 0.9019 0.9280 0.9515 0.7225 
Standard deviation 0.63 0.53 0.09 0.72 
Adequate precision 18.2 26.9 21.3 16.5 
 
As the FAME yield is calculated from the FAME content, the FAME content was not 
analyzed because both responses followed a similar tendency. 
6.5.2 Surface design: main effects 
In order to simplify the analysis, only the factors with the highest impact on each 
response were analyzed (Pvalue < 0.01%). Moreover, only the 2 factors interactions 
without the interaction with themselves (2FI factors) were analyzed. 
 FAME yield 
The main effects that influenced the FAME yield during the transesterification of a model 
oil with methanol using a SrO catalyst are shown in Tableau 6.5. In the range of the FFAs 
tested in the present study (0.2-2.7 wt% OA), it was surprising that the initial FFAs 
concentration had a negative impact (highest Fvalue) on the FAME yield. In fact, strong 
alkaline catalysts like SrO should have a low sensitivity to FFAs because the reaction 
occur at the surface of the catalyst [Dossin et al., 2006]. On the other hand, using soybean 
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Kouzu et al. [2008] observed that FFAs at 2.6 wt% compared to low concentration (< 0.1 
wt% FFAs)decreased the FAME yield of 30%, for a reaction time of 1h at methanol 
reflux (temperature not specified, methanol to soybean oil molar ratio of 12) and a 
catalyst concentration of 0.8 wt% relative to oil. For the highest FFAs concentration in 
soybean oil (>2.6 wt%), an absence of FAME yield was observed after a 30 min reaction 
time. This could be due to the fact that some of the alkali sites of the catalysts are 
occupied by the molecules of OA (FFAs) and less available for the reaction 
transesterification [Yan et al., 2009]. However, the interaction effect between the FFAs 
concentration and the reaction time (XF-Xt; Fvalue = 23.28) wih a positive effect on the 
FAME yield (based on the regression coefficients) is difficult to explain from a 
heterogeneous catalysis point of view. In other words, the sites of the catalyst are busy at 
the beginning of the reaction and, as the time increases, the surface of the catalyst 
becomes available, which stimulates the transesterification reaction.  
Moreover, for similar ranges of catalyst to oil mass ratios like the ones tested in the 
present study, it is unusual for heterogeneous catalysts such as SrO that the catalyst to oil 
mass ratio has no significant effect on the FAME yield. Generally, the concentration of 
catalyst increases the number of alkali sites and the surface of the reaction, as observed 
by Liu et al. [2007a] for SrO catalyzed transesterification reactions with catalyst 
concentrations ranging from 0.5 to 3 wt%, a temperature of 65°C and a methanol to 
soybean oil molar ratio of 6. However, for a similar range of catalyst concentrations, 
using dielectric microwave irradiation (methanol to oil ratio of 9; temperature of 60°C; 
reaction time of 2 min), Koberg et al. [2011b] increased the SrO concentration from 0.5 
to 1.8 wt% (compared to oil) and observed a stable soybean oil conversion at around  
96%. In similar conditions, using a SrO concentration relative to oil of 1.8 wt%, they 
were able to re-use the SrO catalyst 4 times with the same conversion. In the present 
study, the fact that the catalyst concentration has no effect on the FAME yield is a clue 
that the reaction could not be heterogeneous but homogeneous because SrO is only 
partially dissolved in the reaction mixture and catalyzed the reaction. So, it is re-usable.   
For transesterification reactions, it is common that the temperature and the reaction time 
have a positive effect on the FAME yield for transesterification reactions using 
heterogeneous catalysts [Liu et al., 2007a; Kouzu et al., 2008; Kouzu et al., 2008]. 
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However, as the SrO catalyzed reaction is relatively fast compared to other alkaline metal 
earth catalysts (CaO), it is unexpected that the temperature has a significant effect. In 
fact, for fast reactions such as homogeneous alkali biodiesel production with catalysts 
such as NaOH, the temperature has a less significant effect compared to the catalyst 
concentration as shown elsewhere [Vicente et al., 1998]. The positive effect of the 
interaction effect between the reaction temperature and the reaction time on the FAME 
yield was not surprising either as both single effects have also a positive effect.  
Finally, it is unexpected that the methanol to oil concentration would have a negative 
effect on the FAME yield because an excess of methanol favours the FAME production, 
as the transesterification reaction is an equilibrium reaction (Equation 1) [Obadiah et al., 
2012; X. Liu et al., 2007a]. An increase of methanol concentration might favor the soap 
formation [Veillette et al., 2015]. 
Figure 6.2 presents the FAME yield as a function of the temperature and the reaction time 
(reaction condition: methanol to mixture ratio: 43.9 wt%; catalyst to oil mixture ratio: 2.5 
wt%; initial FAME content: 30 wt%; initial FFAs content: 2.7 wt%). As seen in Figure 2, 
a reaction time of 5 min and a temperature of 40°C would result to an absence of FAME 
yield while a reaction time of 30 min and a reaction temperature of 60°C reduced the 
FAME yield (FAME yield: 62% g FAME/g oil) compared to a slightly lower reaction 
time (25 min) and temperature (55°C) (FAME yield: 75% g FAME/g oil) probably due to 
soap formation [Chen et al., 2012]. 
 Polar phase pH 
The main effects that influenced the polar phase pH are shown in Tableau 6.5.The effect 
of interaction between XF and XM had the most significant effect (negative regression 
coefficient: -0.1554) on the polar pH (Fvalue of 79.4), and also a signifycant effect on the 
FAME yield, which is expected because both separate factors (XF and XM) had 
significant negative effects (negative regression coefficient: -1.7303 and -0.8986, 
respectively) on the FAME yield (respective Fvalue of 62.2 and 8.3). At this point of the 
analysis, it must be hypothesized that methanol might act as barrier for the leaching of 
strontium oxide (Sr(OH)2) located at the surface of the catalyst as hypothesized by 
Koberg et al. [2011b]. On the other hand, the fact that XC has no significant effect on the 
polar phase pH is unexpected. If the reaction was catalyzed by Sr(OH)2 located at the 
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surface of the catalyst like stated by Koberg et al. [2011b], increasing the catalyst 
concentration (SrO) would enhanced the Sr(OH)2 concentration in the liquid phase and 
the catalyst concentration would have an effect on the polar pH.  
 
 
Figure 6.2 FAME yield as a function of the reaction temperature and the reaction 
time 
 
The fact that the interaction effect between XC and XB has a positive effect on the polar 
pH phase (positive regression coefficient: 0.0646) means that the leaching of OH- of solid 
catalysts such as SrO might be favoured by the presence of FAME in opposition of what 
was reported by Koberg et al. [2011b]. Moreover, these authors discussed that it was 
impossible to evaluate if the catalyst was homogeneous or heterogeneous because the 
reaction might either be catalyzed by the OH- in the reaction from Sr(OH)2 at the surface 
of the catalyst or by the OH- released after the H+ (from water) adsorption at the surface 
of the catalyst. In case of the catalyst adsorbs water H+ to form OH- in solution, the XRT 
and especially the XM should have minor effects on the polar phase pH. Indeed, even if 
Koberg et al. [2011b] stated than SrO is not soluble in methanol, oil or biodiesel, SrO 
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reacts with water [Patnaik, 2003]. Consequently, the fact that XRT and XRT-XC have 
positive effects (regression coefficient: 0.2120 and 0.0748) on the polar phase pH may be 
linked to the solubility of Sr(OH)2 in water formed after FFAs saponification by SrO. In 
fact, the solubility of Sr(OH)2 at normal pressure increases as a function of the 
temperature as follows [IUPAC, 1992] (17 g/L  at 40°C;  25 g/L at 50°C; 39 g/L at 
60°C).  
Tableau 6.5 Comparison of Fvalue factors for FAME yield and polar phase pH 
 Fvalue 
FAME yield Polar phase pH 
XF 61.2 35.0 
XRT 38.7 48.5 
Xt 27.2 56.6 
XRT-Xt 23.9 23.7 
XF-Xt 23.3 23.3 
XF-XM 17.6 79.4 
XM 8.3 17.5 
XC-Xt - 35.9 
XRT-XC - 24.3 
XM-XC - 18.7 
XB-XC - 18.2 
 
Finally, there are several mutual significant factors for the FAME yield and the polar 
phase pH: XF, XRT, XM and the interaction effects XRT-Xt and XF-Xt. A one-way ANOVA 
test was performed between the FAME yield (response) and the polar phase pH. The 
polar phase pH has a significant strong effect on the FAME yield (Fvalue = 27.53, Pvalue < 
0.0001, R-Sq = 99.63%, R-Sq(adj) = 96.02%). Consequently, those factors and the 
significant correlation between both responses confirm that the reaction is mostly 
catalyzed by a homogeneous reaction (pH higher than 13) which cause corrosion to the 
reaction vessels and would need a further step of neutralization.  
The fact that XM has a significant negative effect (regression coefficients: -0.206) and 
XM-XC has a positive effect (regression coefficients: 0.021) on the polar pH phase was 
unexpected. The increase of XM could decrease the Sr(OH)2 solubility in the reaction 
mixture, but the increase of XM and XC seems to favour the SrO leaching. Moreover, the 
effect of Xt on the polar phase pH cannot be explained. It is also unexpected that XF has a 
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negative effect (regression coefficients: -0.32084557) on the polar phase pH because the 
non-polar FFAs are poorly soluble in the polar phase.   
For a better understanding of the reaction mechanism of SrO biodiesel production, some 
extra experiments of pH-metry were performed. 
 pH-metry of the reaction mixture with SrO catalyzed reactions 
In order to precise the relations between the polar phase pH and the reaction of biodiesel 
production, the apparent pH of the reaction mixture (model oil and methanol) was 
measured for the SrO catalyzed reactions and compared to the FAME content and the pH 
with (2.7 wt%) or without OA  (0.2 wt%) added to canola oil. 
Figure 6.3 presents the pH of the polar phase (water, methanol and glycerol), the reaction 
mixture apparent pH (model oil and methanol initially) and the FAME content as a 
function of the reaction time. As shown in Figure 6.3, for an increase of the reaction time 
from 0 to 30 min, the apparent pH of the reaction mixture increased from 5.0 to 13.7 with 
a maximum value of 13.9 at 12 min. For a reaction time ranging from 5 to 10 min, the 
polar phase pH and the FAME content followed a similar trend with an increase from 
11.4 to 13.0 and from 5.9 to 58.2% (g FAME/g biodiesel), respectively. For an increase 
of reaction time from 10 to 30 min, the polar phase pH was relatively stable at around 13 
while the FAME content increased from 58.2 to 90.2% (g FAME/g biodiesel).  
The fact that both pH (polar phase and reaction mixture apparent pH) and FAME content 
followed the same trend confirms that SrO may not act as an heterogeneous catalyst. 
Consequently, the reaction time has an important effect (as observed previously) as OH- 
ions are gradually leaching into the reaction mixture. Using a 3 wt% SrO relative to 
soybean oil, a 6:1 methanol molar ratio relative to soybean oil and temperatures ranging 
from 65 to 70°C, Liu et al. [2007a] observed that at least 10 min is required to obtain a 
significant FAME yield (around 50 g biodiesel/g soybean oil).  
The fact that the reaction time required to obtain an apparent pH of 11.7 is almost 
multiplied by 10 (Figure 6.4 vs Figure 6.3) is linked to the fact that the FFAs are 
neutralizing the OH- (produced from SrO and water) that are released into the reaction 
mixture. If the reaction of FFAs neutralization was a heterogeneous reaction, once the 
neutralization is performed, the apparent pH of the reaction would stop increasing. The 
effect of FFAs on the leaching of alkaline metal earth was also observed by other authors 
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[Chen et al., 2012; Kouzu et al., 2008] as the metal found in the biodiesel phase can 
reach up to 3065 ppm (as Ca2+) [Kouzu et al., 2008]. Moreover, in the present study, the 
fact that the increase of the apparent pH of the reaction mixture (model oil) could also be 
another clue that the transesterification reaction is catalyzed by a homogenous reaction. 
In fact, the leaching of OH-, mainly influenced by the factors mentioned previously (such 
as temperature, time, etc.), is linked to the kinetic of FFAs neutralization. These results 
could also explain the relationship between the FFAs content and the reaction time on the 
polar phase pH (and also on the FAME yield) observed previously.  
 
 
Figure 6.3 Polar phase pH and apparent pH, and FAME content as a function of 
the reaction time for SrO catalyzed transesterification (FFAs: 0.2 wt%). 
 
Figure 6.4 presents the effect of the reaction time on the apparent pH of the reaction 
mixture as a function of the reaction time for reaction catalyzed by SrO. A FFAs content 
of 2.7 wt% increased the reaction time required to reach an apparent pH of 11.7 (40 min 
instead of 6 min for the reaction with a FFAs concentration in canola oil of 0.2 wt% 
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(Figure 3)). For a FFAs concentration of 2.7 wt%, an increase of the reaction time from 0 
to 33 min increased the apparent pH from 4.1 to 7.1. For a reaction time ranging from 33 
to 41 min, the apparent pH increased from 7.1 to 11.8. Over a reaction time of 41 min, 
the apparent pH remained stable at around 11.8.  
 
Figure 6.4 Effect of the reaction time on the apparent pH of the reaction mixture 
(FFA: 2.7 wt%) 
 
From the results from surface response analysis and Figure 3 and 4, we can conclude that 
the reaction mechanism of SrO releasing OH- in the solution is initiated by the FFA: 
 
𝑺𝒓𝑶 (𝒔) +  𝟐𝑹 − 𝑪𝑶𝑶𝑯 (𝒍) → (𝑹 − 𝑪𝑶𝑶)𝟐 𝑺𝒓 (𝒔) + 𝑯𝟐𝑶 (𝒍)       
(6.7) 
  
Where R-COOH are the FFAs with a variable carbon chain length. When the FFAs are 
neutralized by SrO, alkalinity is produced according to the 3 reactions [Patnaik, 2003] : 
𝑺𝒓𝑶 (𝒔) + 𝑯𝟐𝑶 (𝒍) → 𝑺𝒓(𝑶𝑯)𝟐   (𝒔) (6.8) 
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𝐒𝐫(𝐎𝐇)𝟐   (𝐬) ↔ 𝐒𝐫
𝟐+  (𝐚𝐪) + 𝟐𝐎𝐇− (𝐚𝐪) (6.9) 
 
𝑺𝒓𝟐
+
 (𝒂𝒒) + 𝟐𝑶𝑯− (𝒂𝒒) + 𝟐 𝑹 − 𝑪𝑶𝑶𝑯 (𝒍) → (𝑹 − 𝑪𝑶𝑶)𝟐𝑺𝒓 (𝒔) + 𝟐𝑯𝟐𝑶 (𝒍) (6.10) 
 
Equations 6.8 to 6.10 are repeated until all the FFAs are consumed. However, equations 
6.9 and 6.10 are still going until the metal hydroxide saturation point is achieved. When 
the saturation point is reached (Figure 6.3: at around apparent pH of 13.89), water 
molecules are still reacting to form Sr(OH)2 (s) (Equation 6.8) but the high OH
- 
concentration favor the reverse reaction (Equation 6.9) and the equilibrium apparent pH is 
reached (Figure 3: at around apparent pH of 13.7). These reactions explain why the 
catalyst concentration had no significant effect on the FAME yield (observed previously 
from the main effect analysis). In fact, the leaching reaction (Equation 6.8) is stopped by 
the decrease of water molecules in the reaction mixture.   
6.5.3 Process optimization 
In order to obtain a final FAME content with the minimum of unreacted oil and soap, the 
minimal final FAME content should be at a minimum of 90 wt%. The same logic was 
applied to the FAME yield but without constraint of minimum value.  
Since the variability of the FFAs conversion during the esterification (1st step), the 
process should be able to perform with the minimum of initial FAME content (XB) and 
the maximum of FFAs (XF = 2.7 wt%). The reaction time (Xt) was also minimized with a 
less importance than the FAME content because a higher reaction time means a larger 
reaction vessel. The temperature (XRT), the methanol concentration relative to oil (XM) 
and the catalyst concentration relative to oil (XC) were also minimized with the same 
relative importance. The polar phase pH and the biodiesel alkalinity were also minimized 
in order to reduce the catalyst leaching into the biodiesel phase and the soap formation, 
respectively. 
Tableau 6.6 presents the criteria and the optimize values (parameters or response) for the 
process optimization. 
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As we can see in Tableau 6.6, the desirability of 0.393 was obtained which means that it 
is really hard to satisfy all those criterias, especially to obtain a high FAME content 
(>90%) and a low catalyst leaching (polar pH phase < 8), which is another clue that the 
reaction is homogeneous.  
Tableau 6.6 Optimization parameters used for the scale-down test 
Parameters Criteria Relative 
importance 
Optimized values 
(parameters or responses) 
XB Minimize +++++ 7.5 wt% 
XF 2.7 wt% - 2.7 wt% 
XRT Minimize + 60°C 
XM Minimize + 15.7 
XC Minimize + 2.5wt% 
Xt Minimize ++ 22.2 min 
Final FAME 
content 
Maximize with a 
minimum value of 
90% 
+++++ 93.2% 
pH polar 
phase 
Minimize + 11.6 
Biodiesel 
alkalinity 
Minimize + 59 
FAME yield Maximize +++++ 70%  
(g FAME/g model oil) 
Desirability 0.393 
After optimization the reaction scale was reduced at 1g in order to be able to work with 
microalgae lipids. 
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6.5.4 Microalgae scale experiments 
Figure 6.5 presents the FAME content as a function of the methanol concentration 
relative to oil. As seen in Figure 6.5, at 1g scale, a methanol concentration relative to oil 
higher than 31 wt% allowed obtaining a FAME content higher than 90%. In fact, due to 
reduction of the oil fed (15 to 1g), but the reactor volume only decreased from 50 to 25 
mL, more methanol is found in the gas phase. Consequently, the methanol concentration 
relative to oil (model or lipids) was increased to 31 wt% for the further tests. 
 
Figure 6.5 Effect of methanol on microalgae scale 
 
6.5.5 Microalgae lipid transesterification 
 Biodiesel yield 
Tableau 6.7 presents the transesterification results for microalgae tests (1 or 2 steps). As 
seen in Tableau 6.7, with an esterification step (Amberlyst-15), the KOH catalyst resulted 
to the highest mass yield with 83% (g biodiesel/g lipid) but the 2nd lowest FAME content 
(27% g FAME/g lipid). Using a 1st esterification step catalyzed by Amberlyst-15 and 
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KOH as a catalyst for the 2nd step, C. protothecoides achieved a higher FAME yield than 
S. obliquus (39 vs 33 g FAME/g lipid). This process also allowed obtaining a higher 
biodiesel purity for C. protothecoides than S. obliquus with respective values of FAME 
content of 75 and 51% (g FAME/g biodiesel). In comparison, using a 1st esterification 
step using Amberlyst-15 as a catalyst with S. obliquus lipids or no esterification steps 
resulted to respective FAME yields of 23 and 4.7% (g FAME/g lipid). Using a SrO 
catalyzed reaction of S. obliquus microalgae lipids (with a 1st step of H2SO4 
esterification) as a second step resulted to a FAME yield of 29% (g FAME/g lipid). 
The comparison between SrO and KOH are in opposition with a study made by Koberg 
et al. [2011b] using microwave heating for the conversion of WCO treated by 
saponification (The FFAs were removed by saponification). For a reaction time ranging 
from 40s reaction time, at a temperature of 60°C, a methanol concentration relative to oil 
ratio of 21 wt%, a similar catalyst mol ratio relative to oil (1.86 wt%), they obtained a 
higher triglyceride conversion (measured by 1H NMR) by using SrO than KOH 
(respective triglyceride conversions of 99 and 81%). This difference of results might be 
explained by the fact that Koberg et al. [2011b] removed a part of the FFAs by 
saponification which might has favoured the leaching of the SrO catalyst into the water 
phase. The initial FFAs content and the final FFAs content of the WCO were not 
reported. Moreover, the dielectric microwave irradiation might also favor the formation 
of by-products (soap) which were not analyzed by Koberg et al. [2011b] because only the 
conversion of triglycerides was reported. Similar triglycerides conversions were observed 
by Koberg et al. [2011a] with Nannochloropsis sp. microalgae lipids with a direct 
transesterification process (without a 1st step of esterification to remove the FFAs of the 
microalgae lipids) using SrO as a catalyst with microwaves heating and ultra-sound 
radiations. In the present study, the fact that KOH, as a catalyst (without a 1st step 
esterification to remove the FFA of the microalgae S. Obliquus), allowed reaching the 
lowest FAME yield was not surprising, as S. Obliquus microalgae lipids have a relatively 
high FFAs content (33wt%) that reacts with the homogeneous alkali catalysts to form 
soap instead of FAME. Some studies showed that homogenous alkali catalysis is less 
effective that homogenous acid or 2-step catalysis to produce biodiesel [Nagle et Lemke, 
1990; Dong et al., 2013].  
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 Biodiesel composition 
Tableau 6.8 presents the microalgae FAME composition as a function of the catalysts for 
the 2-step process. As seen in Tableau 6.8, for both microalgae lipids (S. obliquus and C. 
protothecoides), the biodiesel produced from all catalysts tested showed a relatively 
similar composition with methyl oleate (C18:1) as the main FAME component with 45.0 
to 49.4 wt%. The results from gas chromatography showed no polyunsaturated FAME 
(PUF) (FAME with number of double bounds > 3).  
Both microalgae showed a relatively similar composition to the results found in the 
literature with methyl oleate as the main FAME component [Xiong et al., 2008; Chen et 
al., 2012; Chen et al., 2012]. The fact that no PUF were found in a positive side in terms 
of biodiesel properties because the biodiesel produced would have a higher cetane 
number and a better resistance to oxidation stability [Veillette et al., 2012]. Moreover, in 
order to satisfy the European Standards for biodiesel standard (EN 14214 biodiesel 
standard for vehicle use), a biodiesel must contain at most 1 mol% of PFU [Knothe, 
2006]. Consequently, an absence PUF means that no extra cost to separate the PUF 
would be required for a biodiesel process with those microalgae as feedstock. However, 
PFU represents a source of opportunity because they are considered as added-value 
compounds. 
6.6 Conclusion 
Afin de remplacer les énergies fossiles, les lipides des microalgues ont été testés pour 
produire du biodiesel. Ayant pour but de déterminer les conditions optimales utilisées 
pour les expériences avec les lipides des microalgues et pour comprendre le mécanisme 
catalytique du SrO, une méthodologie des surfaces de réponses a été construite avec une 
huile modèle (principal composant : huile de canola) avec les paramètres suivants : 
contenu initial en esters méthyliques d’acides gras (EMAG) (0-30% m/m); contenu initial 
en AGLs (0.20-2.7% m/m); température (40-60°C); ratio méthanol par rapport à l’huile 
modèle (11-43% m/m); ratio catalyseur par rapport à l’huile (0.5-2.5% m/m); temps de 
réaction (5-30 min).  
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Tableau 6.7 Results for microalgae lipids 1-step process and 2-step processes 
  Catalysts FAME content  
(% g FAME/g 
lipid) 
Mass yield  
(% g biodiesel/g 
lipid) 
FAME yield  
(% g FAME/g 
lipid) 
  Esterification Transesterification 
Scenedesmus obliquus  Amberlyst-15 KOH 27 83 23 
H2SO4 SrO 54 53 29 
H2SO4 KOH 51 51 33 
- KOH 6.8 69 4.7 
Chlorella protothecoides H2SO4 KOH 74 52 39 
*reaction condition: Esterification (catalyst: 2.5wt% relative to lipids ratio; temperature: 120°C; reaction time: 60 min; methanol: 45 wt% relative to lipids) 
Transesterification  (catalyst : 2.5wt% relative to lipids-biodiesel; temperature: 60°C; reaction time: 22.2 min; methanol: 31 wt% relative to lipids-biodiesel) 
 
 
Tableau 6.8   Microalgae FAME biodiesel composition 
Microalgae Catalysts Palmitate  
(C16:0) 
Stearate  
(C18:0) 
Oleate  
(C18:1) 
Linoleate  
(C18:2) 
Linolenate  
(C18:3) 
Esterification Transesterification wt% 
Scenedesmus 
obliquus 
Amberlyst-15 KOH 16.8 2.80 45.0 16.0 19.4 
H2SO4 SrO 19.8 3.60 46.1 14.3 16.2 
H2SO4 KOH 19.6 3.60 46.3 14.2 16.4 
- KOH 17.6 4.40 49.4 11.0 17.7 
Chlorella 
protothecoides 
H2SO4 KOH 10.6 2.10 48.4 29.0 10.0 
*Reaction condition: Esterification (catalyst: 2.5wt% relative to lipids ratio; temperature: 120°C ; reaction time: 60 min ; methanol: 45 wt% relative to lipids) 
Transesterification  (catalyst : 2.5wt% relative to lipids-biodiesel ; temperature: 60°C ; reaction time: 22.2 min ; methanol: 31 wt% relative to lipids-biodiesel) 
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Dans la 2e partie de cette étude, en utilisant les lipides de microalgues traités par une 
étape d’estérification catalysée par le H2SO4 et les meilleures conditions obtenues à partir 
du modèle surfacique (et de la mise à l’échelle), le procédé a été utilisé pour produire du 
biodiesel à partir de lipides de microalgues avec les conditions suivantes : une 
température de 60°C, un temps de réaction de 22.2 min, un ratio catalyseur par rapport 
aux lipides des microalgues de 2.5% (m/m) et un ratio méthanol par rapport aux lipides 
de microalgues de 31.4% (m/m). Sous ces conditions, un catalyseur homogène de KOH a 
permis d’obtenir un rendement en EMAG légèrement supérieur (33% g EMAG/g lipid) 
au catalyseur de SrO (29% g FAME/g lipid). L’analyse du biodiesel produit à partir des 2 
microalgues a permis de démontrer que le biodiesel ne contenait aucun EMAG 
polyinsaturé; la qualité du biodiesel obtenu à partir des lipides de ces microalgues serait 
appropriée pour satisfaire aux standards de production de biodiesel. 
Bien qu’il ait été démontré que le SrO était un catalyseur efficace (rendement en EMAG: 
75% m/m) dans les 2 parties de l’étude pour un temps de réaction faible (< 25 min) avec 
un contenu en AGLs élevé (2.7% m/m), les métaux alcalino-terreux devraient être évités 
pour la production de biodiesel étant donné l’évident « leaching » du catalyseur dans la 
phase réactionnelle. La présente étude conclut que les AGLs contenus dans l’huile 
pourraient être responsables du lessivage du catalyseur dans le milieu réactionnel. Les 
catalyseurs alcalins solides nécessiteraient une huile sans AGLs et sans eau pour être 
certain qu’ils fonctionnent comme catalyseurs hétérogènes. Le fait que le milieu 
réactionnel ait atteint des pH relativement élevés (pH apparent du milieu réactionnel et de 
la phase polaire) a pour conséquence d’augmenter la corrosion des équipements et ils 
perdent ainsi leur principal avantage sur les catalyseurs homogènes comme le KOH. 
6.7 Conclusion 
In order to replace fossil fuel, microalgae lipid was tested to produce biodiesel. In order 
to determine the optimal conditions to use for the microalgae lipids test and to understand 
the SrO catalytic mechanism, a surface methodology method was built with a model oil 
(main component: canola oil) with the following parameters: Initial FAME content (0-30 
wt%) ; initial FFA content (0.20-2.7 wt%) ; temperature (40-60°C) ; methanol to oil 
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mixture ratio (11-43 wt%) ; catalyst to oil mixture ratio (0.5-2.5 wt%) ; reaction time (5-
30 min).   
In the second part of the study, using treated microalgae lipids by an esterification step 
using H2SO4 as a catalyst and the best conditions obtained from the surface model (and 
from scaled-down tests), the process was used to produced biodiesel from microalgae 
lipids with the following conditions: a temperature of 60°C, a reaction time of 22.2 min, a 
catalyst to microalgae lipids ratio of 2.5 wt% and a methanol to microalgae lipid ratio of 
31.4 wt%. In those conditions, a homogeneous catalyst of KOH allowed to obtain a 
slightly higher FAME yield (33% g FAME/g lipid) than a SrO catalyzed reaction (29% g 
FAME/g lipid). The biodiesel produced from both microalgae showed no PFU and would 
be suitable to satisfy the biodiesel production standards.   
Despite the fact that SrO was shown an effective catalyst (FAME yield: 75 wt%) in both 
part of the study for a relatively low reaction time (< 25 min) with a relatively high FFAs 
content (2.7 wt%), alkaline earth metals such as SrO should be avoided for biodiesel 
production due to obvious catalyst leaching in the reaction phase. The present study 
concludes the FFAs contained in the oil could be responsible for the catalyst leaching into 
the reaction mixture. Solid alkali catalysts would require an oil with no FFAs and no 
water to be sure that are working as heterogeneous catalyst. The fact that the reaction 
mixture reached relatively high pHs (mixture apparent and polar phase) have, as a 
consequence, the increase the corrosion of the reaction vessels and they lose their main 
advantage over homogeneous catalysts such as KOH. 
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CHAPITRE 7  
CONCLUSION GÉNÉRALE 
 
La biomasse des microalgues représente une source intéressante de valorisation de divers 
composants (lipides, protéines et glucides). Par ailleurs, la fluctuation des prix du pétrole, 
la volonté des gouvernements de réduire leur dépendance au pétrole et leurs émissions de 
GES favorisent la production de biocarburants à partir de biomasses renouvelables.  
Parmi les différentes sources de biomasses potentielles, les microalgues ont une teneur 
élevée en lipides (jusqu’à 75% m/m) qui peuvent être utilisés pour produire du biodiesel. 
Le principal avantage des microalgues réside dans le fait que celles-ci ont un rendement 
de culture par acre relativement élevé et cette biomasse renouvelable ne requiert pas de 
terre fertile parce qu’elle est cultivée dans l’eau. Cependant, l’utilisation de cette 
biomasse à l’échelle industrielle pour la production de ce biocarburant nécessite 
l’amélioration des techniques de production des microalgues, de transestérification et de 
purification des lipides.  
Cette étude visait à évaluer si les microalgues peuvent servir de substrat pour la 
production de biodiesel à travers plusieurs approches expérimentales, dont l’extraction 
des lipides des microalgues, la conversion des lipides en biodiesel (catalyses homogène et 
hétérogène) et la purification du biodiesel et des lipides.  
D’abord, des essais ont été réalisés afin de déterminer la meilleure méthode d’extraction 
des lipides contenus dans un mélange d’espèces de microalgues (Nannochloropsis 
oculata, Isochrysis galbana et Pavlova lutheri) dont la composition pouvait s’avérer riche 
en lipides. Selon les essais effectués, un chauffage à ébullition à pression atmosphérique 
des microalgues en phase aqueuse a été le prétraitement qui a permis d’augmenter le plus 
le rendement en lipides avec un rendement de 35% (m/m). 
Par la suite, des méthodes de purification ont été testées afin d’augmenter la pureté du 
biodiesel produit à partir de microalgues. Lors de ce procédé en 2 étapes, les conditions 
suivantes se sont avérées être les meilleures : temps : 30 min pour les 2 étapes, 
température : 90°C, un ratio acide sulfurique/hydroxyde de potassium de 1.21 (m/m) et 
un ratio méthanol-lipides de 13.3 mL/g. Entre les 2 étapes, les composés insaponifiés ont 
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été séparés à l’aide d’hexane. Dans ces conditions, un rendement en esters méthyliques 
d’acides gras (EMAG) de 32% (g EMAG) a été obtenu avec une pureté de 80% (g 
EMAG/g biodiesel).  
Lors d’un séjour à l'Université Bernard de Lyon 1 (Lyon, France), plusieurs catalyseurs 
hétérogènes ont été synthétisés par des techniques telles que la synthèse hydrothermale, 
la coprécipitation et la méthode sol-gel. Puis, des métaux (tungstène et molybdène) ont 
été déposés sur des supports d’oxydes mixtes zirconium titane afin d’augmenter la force 
acide de ces catalyseurs. Afin de s’assurer de la qualité des catalyseurs produits, des 
techniques analytiques telles que la diffraction des rayons X (identification), l’adsorption 
d’azote à 77 K (propriétés de surface) et l’analyse chimique ont été utilisées.  
Ces catalyseurs acides ont été testés pour l’estérification des acides gras libres (AGLs) 
avec du méthanol. Sous les meilleures conditions (temps de réaction de 300 min, 
température de 120°C, un ratio molaire méthanol/acide oléique de 5 et un ratio 
Amberlyst-15 relatif à l’huile modèle de 2.5% (m/m)), une conversion de 82% des AGLs 
a été obtenue. Cependant, le meilleur catalyseur hétérogène testé pour l’estérification des 
AGLs a été la résine Amberlyst-15. Par la suite, seule la résine Amberlyst-15 a été testée 
avec les lipides des microalgues. Avec un temps de réaction de 60 min, une température 
de 120°C, un ratio méthanol/lipides de 0.57 mL/g et un ratio Amberlyst-15 relatif aux 
lipides de 2.5% (m/m), la conversion des AGLs de la microalgue Chlorella 
protothecoïdes a atteint près de 84%.  
En utilisant les précédents résultats d’estérification lors de la 1re étape, les conditions de 
la transestérification (2e étape) ont été testées en utilisant un catalyseur d’oxyde de 
strontium (SrO). Afin de trouver les conditions optimales, une méthodologie des surfaces 
de réponses a été utilisée en testant l’effet des paramètres opératoires sur une huile 
modèle. Les résultats ont démontré que le SrO n’agissait pas comme un catalyseur 
hétérogène mais comme un catalyseur homogène. Par conséquent, les conditions 
optimales ont été testées avec la microalgue Scenedesmus obliquus: température : 60°C; 
temps de réaction : 22.2 min; ratio catalyseur microalgue : 2.48% (m/m); ratio méthanol 
par rapport aux lipides des microalgues : 31.4%. Dans ces conditions, l’hydroxyde de 
potassium (KOH) a été le catalyseur ayant permis d’obtenir le rendement en EMAG le 
plus élevé à 33% (g EMAG/g lipides).  
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Enfin, parmi les 3 microalgues testées, il est intéressant de mentionner que la 
composition du biodiesel des micro-algues Scenedesmus obliquus et Chlorella 
protothecoïdes est plus appropriée pour la production de biodiesel que le mélange de 
micro-algues utilisés lors des 3 premiers articles (Nannochloropsis oculata, Isochrysis 
galbana et Pavlova lutheri) étant donnée leur composition en EMAG plus faible en 
polyinsaturés. En effet, pour ces 2 microalgues, l’EMAG oléique a été le principal 
composant du biodiesel produit, à près de 50% (m/m).  
Il avait été prévu au départ de vérifier si la qualité du biodiesel respectait les normes 
requises (ex. indice de cétane, point flash, viscosité, etc.) par la norme américaine ASTM. 
Cependant, étant donné le fait que la masse de microalgues disponible (et de lipides) était 
limitée, il n’a pas été possible de réaliser les tests pour vérifier si le biodiesel produit 
pouvait atteindre la norme américaine (ASTM). Il serait intéressant de produire une 
grande quantité de biodiesel à partir des méthodes développées dans ce projet de 
recherche pour effectuer des tests ASTM.   
En somme, les résultats semblent prometteurs et le travail de recherche doit se poursuivre 
afin d’améliorer les méthodes de production de biodiesel à partir de microalgues. Par 
contre avec la récente chute des prix du pétrole, les perspectives à court terme ne sont pas 
encourageantes. 
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ANNEXE A - RÉSULTATS 
SUPPLÉMENTAIRES CHAPITRE 5 
A1 Catalyst characterisation 
X-ray powder diffraction patterns were obtained in standard recording conditions using a 
Bruker (Siemens) D5005 diffractometer with CuK radiation ( = 0.15418 nm) in the 2θ 
range of 10-80° with a step size of 0.05. Crystalline phases present in the samples were 
identified by comparing them to the JCPDS database reference patterns after subtracting 
the K2 contribution with High Score software (Brüker-AXS).  
The chemical composition of the different catalysts was quantitatively determined by 
using an inductively coupled plasma optical emission spectrometer (ICP-OES) on a flame 
Perkin Elmer M1100 spectrometer. Before the analysis, the catalyst samples were 
dissolved in an acid-alkali treatment.  
In order to determine the chemical composition of the surface of the catalysts produced 
by wet impregnation technique (MZT and WZT), X-ray photoelectron spectroscopy 
(XPS) was performed with a KRATOS AXIS Ultra DLD spectrometer equipped with a 
high vacuum (10−9 mbar) hemispherical analyzer. The data acquisition was obtained by 
using Al (K) monochromatique X-rays (h: 1486.6 eV, 150W), a pass energy mode of 
40 eV and a hydrid lens mode. An area of 300 x 700μm was analyzed on the samples. An 
orbital of C1s with a binding energy of 284.6eV (adventitious carbon) was taken as an 
internal reference. For the analysis, the neutralizer mode was on for all samples. Binding 
energies ranging from 0 to 1200 eV were recorded for the following atomic energy level: 
O1s, Zr3d5/2, Ti2p3/2, W4f7/2, Mo3d5/2.  
The catalyst specific surface areas were calculated by Brunauer, Emmett and Teller 
(BET) method from the isotherms obtained by nitrogen physisorption at -196°C using a 
Micromeritics ASAP 2020 instrument. In order to clean the adsorbed gases, the catalysts 
were firstly degassed for 2 h at 350°C. The pore volume (evaluated between 1.7 and 300 
nm) was evaluated by Barret, Joyner and Halenda (BJH) method using the desorption 
isotherms. 
The catalyst acidities were analyzed according to a modified method of potentiometric 
titration as presented in the literature [Pizzio et al., 2003; Cid et Pecchi, 1985; Tropecêlo 
et al., 2010; Covarrubias et al., 2009]. Briefly, fifty (50) mg of catalyst was added to 90 
mL of acetonitrile with a small amount (0.015 mL) of a 0.1 M solution of n-butylamine in 
acetonitrile and the mixture was stirred for 3h. Then, the solution was titrated by a 0.1M 
solution of n-butylamine in acetonitrile at a rate of 0.05 mL/min until a plateau (± 5 mV) 
was reached [Covarrubias et al., 2009]. The potential (mV) was recorded on an Eutech 
pH 700 (Thermo scientific inc., USA) pH-meter.  
A2 X-ray diffraction (XRD)  
Figure A1 and Tableau A1 show the results of the XRD measurements i) diffraction 
patterns as a function of 2 for the ZrTiO based catalysts compared with the simple 
oxides (TiO2 and ZrO2) and ii) nature of the crystalline structure for ZrO2 and TiO2, the 
main diffraction pattern were found at 2(JCPDS: 013-6881) and at 2° [Chen 
et Mao, 2007], respectively. In fact, for the 3ZT catalyst, the phases obtained correspond 
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wt%) that cannot be detected by XRD because the saturation coverage is not exceeded 
[Alaya et Rabah, 2012; Khder et Ahmed, 2009]. 
 
A3 Chemical analysis 
As seen in Tableau A1, the composition analyzed by ICP-OES of the catalysts formed by 
co-precipitation (ZT, 3ZT and Z3T) showed a slight deviation compared to the nominal 
Zr/Ti ratio. The catalysts tend to have lower contents of Zr that Ti with deviations 
ranging from 20 to 40%. This might be due to the fact that Zr has a lower 
electronegativity than Ti (Pauling scale: 1.33 vs 1.54). So, a part of Zr might not be 
oxidized and also be dissolved in the aqueous phase. However, the co-precipitation 
method seems to produce reproducible results as ZT, MZT and WZT had nominal Zr/Ti 
ratios of 0.80, 0.83 and 0.82 (mol/mol), respectively. 
 
Tableau A1 Chemical composition obtained by ICP-OES and nature of the 
crystalline structure obtained by XRD  
 Nominal 
Zr/Ti  
Zr/Ti MoO3  WO3  Crystal 
structure 
(mol/mol) (wt%) 
Z3T 0.33 0.25 - - orthorhombic 
ZT 1.00 0.80 - - orthorhombic 
3ZT 3.00 2.40 - - tetragonal 
MZT 1.00 0.83 11.4 - orthorhombic 
WZT 1.00 0.82 - 15.1 amorphous 
 
 
The MoO3 mass ratio of MZT, evaluated by ICP-OES analysis (11.4 wt%), obtained by 
wet impregnation method of MoO3, also had a slight deviation (5%) compared to the 
initial gel value (12 wt%). In case of WZT, the mass content of WO3 was much lower 
(15.1 wt%) compared with the nominal value (19.3 wt%).  
A4 X-ray photoelectron spectroscopy (XPS) 
Tableau A2 presents the binding energies (eV) and the atomic ratios for MZT and WZT. 
As seen in Tableau A2, even if the initial atomic ratio of Mo and W were similar, the 
ratio of Mo/(Zr + Ti) for MZT (0.422) is higher compared to the W/(Zr + Ti) ratio for 
WZT (0.160).  
The results for XPS ratios indicate that the wet impregnation technique was more 
effective for MZT. This might be due to the fact that MZT was crystalline and WZT was 
amorphous (Figure A1), even if MoO3 and WO3 were not detected by DRX analysis. In 
the present study, the amount of Mo/(Zr+Ti) for MZT measured by XPS (0.422) was 5 
times higher than the ratio measured by ICP-OES (0.09). In case of WZT, this ratio was 
only 2. Similarly, for MoO3 supported on ZrO2, another study showed that there is a 
slight difference of the Mo/Zr ratios evaluated by chemical analysis and by XPS [Shupyk 
et al., 2007]. 
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In case of MZT, the binding energy for Mo3d5/2 (233.0 eV) is in the range of the value 
observed in the literature (233-235 eV) [Reddy et al., 2001; Naumkin et al., 2012] In fact, 
Patterson et al. [Patterson et al., 1975] observed the same binding energy for Mo3d5/2 
associated with MoO3. Consequently, MoO3 is found at the surface of MZT. Moreover, 
an energy binding of 530.4 eV for O1s was found for oxides including TiO2 and MoO3 
[Naumkin et al., 2012] which confirms the presence of MoO3 at the surface of the 
catalyst binding with TiO2. In the literature, a binding energy for ZrO2 was also found at 
530.3 eV [Naumkin et al., 2012] for O1s which is near 530.4 eV. In fact, Ready et al. 
[2001] observed that, at the surface of the catalyst, Mo was sharing links with an oxygen 
atom of Ti and Zr.   
 
Tableau A2 Binding energies and atomic ratios (mol/mol) obtained by XPS 
analysis and by ICP-OES for Mo and W impregnated on Zr/Ti (initial molar ratio 
in the gel: 1) 
Binding energies (eV) Mo/(Zr+Ti) 
atomic 
ratios 
W/(Zr+Ti) 
Atomic 
ratios 
Metal O1S Zr3d5/2 Ti2p3/2 Mo3d5/2 W4f7/2 XPS ICP-
OES 
XPS ICP-
OES 
MZT 530.4 182.6 459.0 233.0 - 0.422 0.09 - - 
WZT 530.3 182.5 458.8 - 35.9 -  0.160 0.08 
 
For WZT, the binding energies for W4f7/2 and O1s were found 35.9 and 530.3 eV 
respectively. For W4f7/2, Peignon et al. [1991] also found binding energies of 36 eV for 
WO3 while bulk tungsten (W-W bonds) had a binding energy of 31.5 eV. This indicates 
the presence of WO3 at the surface of WZT. The presence of an energy binding of 530.3 
eV for O1s indicates that there might be some WO3 at the surface of the catalyst because 
the usual binding energy of O1s for WO3 varies from 530.5 to 530.8 eV, which is higher 
than the value obtained. Moreover, as the energy binding for a mixture of ZrTiO varies 
529.6 to 532.3 eV [Naumkin et al., 2012], there might be WO3 linked with the 
amorphous oxide, but it is more obvious than in the case of MZT. 
A5 Texture analysis and acidity strength 
Tableau A3 presents the BET surface area and pore volumes for the catalysts used in this 
study. From the N2 isotherms (adsorption/desorption), all the catalysts tested were mostly 
mesoporous/macroporous (Data not shown). As presented in Tableau A3, WZT showed 
the highest BET surface area (101 m2/g), followed by MZT (55.8 m2/g), 3ZT (55.0 m2/g) 
and Amberlyst-15 (53 m2/g). For all the catalysts tested, the pore volumes ranged from 
0.33 to 0.46 cm3/g. Amberlyst-15, MZT and WZT showed very strong acid sites (535, 
256 and 112 mV, respectively) while ZT and 3ZT demonstrated strong acid sites (19.0 
and 18.9 mV, respectively) and Z3T contained weak sites. Amberlyst-15 had the highest 
number of acid sites compared to the other catalysts tested with 1.60 mmol/g were 
similar. For an increase of the initial (gel) Zr/Ti molar ratio from 1/3 to 3, the number of 
acid sites varied from 0.62 to 0.73 mmol/g. The other catalysts (MZT and WZT) showed 
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a number of acid sites in the same range than ZT with values of 0.69 and 0.75 mmol/g, 
respectively.  
The fact that WZT showed the higher BET surface area is probably due to its amorphous 
state in opposition to the other catalysts. Reddy et al. [2001] evaluated the BET area an 
amorphous ZrTiO catalyst obtained by co-precipitation (initial Zr/Ti molar ratio of 1 and 
calcinated at 650°C under oxidizing conditions) and obtained a BET area of 160 m2/g. 
The wet impregnation of MoO3 on ZrTiO did not decrease the BET surface area 
compared to ZT BET surface area, probably due to the lower calcination temperature 
(650 vs 850°C) as the BET surface was higher for MZT (55.8 m2/g) than the other ZrTiO 
catalysts (40.8 to 55.0 m2/g). The MZT catalyst also showed a similar pore volume and 
BET surface area than ZT, which means that both catalysts would have similar 
limitations concerning the lipid mass transfer.  
The wet impregnation of MoO3 on ZrTiO resulted to an increase of the acid strength of 
the catalyst from less than 19.0 mV to 256 mV ; a slight increase of the number of acid 
sites (from 0.69 to 0.75 mmol/g) could be due to the presence of MoO3 at the surface of 
the catalyst. In opposition,WZT showed almost no improvement of the acidity strength 
because WO3 was more dispersed at the surface of the support. Moreover, those results 
confirm the XPS data (Tableau A2) and the lower BET surface of MZT area discussed 
previously. Consequently, increasing the MoO3 content has a positive effect on the 
strength of the acid sites of a ZrTiO catalyst.  
 
Tableau A3 Textural properties and acidity of the catalysts used in this study 
  
BET 
surface 
areaa  
(m2/g) 
Pore 
volumeb  
(cm3/g) 
Acidity 
strenth  
E0 (mV) 
Number of 
acid sites  
(mmol/g) 
Acid site 
density  
(mol/m2) 
Amberlyst 
15WET 53.0c 0.40c 535 1.60 30.2 
Z3T 40.8 0.42 -8.4 0.62 15.1 
ZT 48.5 0.40 19.0 0.56 11.6 
3ZT 55.0 0.33 18.9 0.73 13.3 
MZT 55.8 0.40 256 0.75 13.5 
WZT 101.0 0.46 112 0.69 6.8 
 
a: from adsorption isotherm 
b: from BJH desorption isotherms 
c: From the supplier data 
d E0 > 100 mV (very strong sites);  0 > E0 > 100 mV (strong sites); E0 > -100 < E0 < 0 mV (weak 
sites); E0 < 100 mV (very weak sites) [Sert et Atalay, 2012]  
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The results concerning the number of sites obtained by potentiometric titration for Z3T, 
ZT and 3ZT were in the range of the ones obtained by Kemdeo et al. [2010] that 
produced also 12 wt% MoO3 supported by ZrTiO (calcinated at 600°C).They measured 
the acidity by ammonia (NH3) temperature desorption (TPD) and they obtained an acidity 
of 0.473 mmol NH3/g. In opposition, Manriquez et al. [2004] decreased the Zr/Ti intial 
molar ratio from 9 to 1/9 of a ZrTiO catalyst, obtained by a sol-gel method (calcinated at 
400°C) and observed a number of acid sites, measured by NH3-TPD,varying from 1.23 to 
1.46 mmol NH3/g. This difference might be due to the method used to produce the 
catalysts or because of the acidity analysis method.  
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ANNEXE B – RÉSULTATS 
SUPPLÉMENTAIRES CHAPITRE 6 
B1 Experimental design and mathematical transformations 
Tableau B1 Experimental design used in the present study 
Blocks 
Run  
order 
 
Initial 
FAME  
content  
(wt%) 
Initial 
FFA 
content  
(wt%) 
Temperature  
(°C) 
Methanol 
 to model oil 
(wt%) 
Catalyst  
to oil  
(wt%) 
Reaction 
time  
(min) 
Block 1 1 30.0 2.63 40 10.98 2.50 7.0 
Block 2 2 0.0 0.19 60 41.30 2.50 30.0 
Block 2 3 11.9 2.67 55 33.23 0.50 26.1 
Block 2 4 4.5 1.81 40 43.94 0.78 23.0 
Block 2 5 30.0 0.14 40 43.94 2.44 5.0 
Block 2 6 6.0 0.24 49 18.56 2.10 30.0 
Block 2 7 0.0 0.19 60 43.94 0.57 5.0 
Block 2 8 0.0 2.69 40 10.98 0.50 24.3 
Block 2 9 8.4 1.58 60 26.47 2.50 27.9 
Block 2 10 0.0 0.19 40 10.98 2.50 5.0 
Block 2 11 27.5 0.22 56 36.52 1.05 8.0 
Block 2 12 30.0 2.63 54 10.98 1.30 5.0 
Block 2 13 30.0 0.52 47 10.98 2.50 13.3 
Block 2 14 23.6 1.54 60 17.74 0.65 6.9 
Block 1 15 30.0 1.60 46 28.29 0.56 30.0 
Block 2 16 4.5 2.06 58 37.68 1.58 5.0 
Block 2 17 30.0 2.63 40 43.94 0.50 30.0 
Block 2 18 30.0 2.63 60 10.98 0.50 30.0 
Block 2 19 30.0 1.84 54 10.98 1.98 30.0 
Block 2 20 22.5 2.47 56 16.26 2.47 21.6 
Block 1 21 30.0 2.63 46 31.25 1.85 22.0 
Block 1 22 20.0 2.06 40 36.03 1.69 30.0 
Block 1 23 0.0 0.38 48 39.00 0.59 30.0 
Block 1 24 0.0 2.33 40 25.81 2.50 30.0 
Block 1 25 30.0 2.63 60 43.94 2.50 30.0 
Block 1 26 11.9 2.67 55 33.23 0.50 26.1 
Block 1 27 0.0 0.79 56 12.80 1.40 9.3 
Block 1 28 30.0 1.13 58 27.30 2.50 5.0 
Block 1 29 11.7 2.67 46 43.94 1.09 11.8 
Block 1 30 26.9 0.14 60 10.98 2.50 30.0 
Block 1 31 27.5 0.22 56 36.52 1.05 8.0 
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Block 1 32 0.0 2.69 57 40.64 2.50 16.3 
Block 1 33 4.5 2.06 58 37.68 1.58 5.0 
Block 1 34 30.0 2.63 60 43.94 0.50 5.0 
Block 1 35 22.5 0.15 52 35.70 2.42 26.0 
Block 1 36 0.0 0.19 40 43.94 0.50 10.4 
Block 1 37 0.0 0.19 60 10.98 0.50 27.9 
Block 1 38 30.0 0.14 60 10.98 1.91 5.0 
Block 1 39 19.5 2.65 40 22.52 0.54 5.0 
Block 1 40 6.9 0.18 40 43.94 2.50 30.0 
Block 1 41 30.0 0.14 60 43.94 0.50 30.0 
Block 1 42 14.4 0.56 49 25.62 1.90 15.8 
Block 1 43 30.0 1.16 41 43.94 2.50 30.0 
Block 1 44 6.5 1.89 44 10.98 0.60 5.0 
Block 1 45 0.0 2.69 59 12.80 0.50 5.0 
Block 1 46 30.0 0.43 40 10.98 0.50 5.0 
Block 1 47 0.0 2.69 40 43.94 2.37 5.0 
Block 1 48 0.0 2.25 60 12.63 2.50 5.0 
Block 1 49 0.9 1.15 59 35.70 0.50 16.3 
Block 1 50 30.0 0.14 40 10.98 0.50 30.0 
Block 1 51 16.4 2.66 54 40.64 1.73 20.5 
Block 1 52 23.6 1.23 44 18.07 1.92 5.0 
Block 1 53 30.0 1.57 53 30.92 2.50 30.0 
Block 1 54 29.4 0.39 56 16.09 0.83 22.9 
Block 1 55 30.0 0.34 48 43.94 1.30 30.0 
Block 1 56 0.0 1.29 40 10.98 1.40 30.0 
Block 1 57 4.8 2.04 50 43.61 2.05 30.0 
Block 1 58 8.4 2.27 60 10.98 1.26 21.2 
Block 1 59 18.3 2.65 45 14.77 1.08 30.0 
Block 1 60 0.0 2.69 58 10.98 2.50 30.0 
Block 1 61 9.0 2.67 48 28.45 2.50 5.0 
Block 1 62 8.4 0.24 57 43.94 1.15 21.0 
Block 1 63 29.4 1.63 40 11.81 1.00 20.3 
Block 1 64 23.6 1.23 44 18.07 1.92 5.0 
Block 2 65 0.0 2.69 60 43.94 0.50 30.0 
Block 2 66 0.0 2.41 45 31.25 0.67 8.0 
Block 2 67 0.0 0.53 42 34.55 1.86 21.4 
Block 2 68 26.0 2.14 58 43.94 0.87 26.3 
Block 2 69 18.8 0.52 60 28.45 1.28 30.0 
Block 2 70 0.0 0.53 42 34.55 1.86 21.4 
Block 1 71 9.0 0.46 40 34.22 1.22 5.0 
Block 2 72 26.9 2.09 51 43.94 2.30 10.6 
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Block 2 73 0.0 1.69 48 12.47 2.50 20.0 
Block 2 74 23.3 0.44 43 39.82 0.50 21.3 
Block 2 75 0.0 2.30 55 20.87 1.00 27.6 
Block 2 76 18.0 0.82 60 43.94 2.50 5.0 
Block 2 77 26.0 2.14 58 43.94 0.87 26.3 
Block 2 78 1.5 0.45 48 43.94 2.30 7.5 
Block 2 79 16.4 1.09 54 10.98 0.50 30.0 
Block 2 80 13.2 2.66 40 43.94 2.50 23.1 
Block 2 81 6.6 0.18 50 21.86 0.50 5.0 
Block 2 82 30.0 0.98 60 40.81 2.02 20.3 
Block 2 83 30.0 1.82 41 40.15 0.94 7.3 
Block 2 84 6.9 0.18 60 22.85 2.27 13.8 
Block 2 85 18.9 0.72 40 11.15 2.36 25.8 
Block 2 86 3.8 2.58 40 15.76 1.94 11.8 
Block 2 87 25.5 2.33 50 15.58 0.50 13.5 
Block 2 88 11.7 1.33 40 34.71 2.50 11.0 
Block 2 89 13.7 0.92 55 10.98 2.50 6.3 
Block 2 90 5.7 0.83 40 19.22 0.50 20.4 
Block 2 91 30.0 0.14 40 23.01 1.64 13.4 
Block 2 92 15.0 1.10 53 43.94 0.50 5.0 
Block 2 93 21.3 2.65 60 28.29 1.75 10.4 
Block 2 94 18.8 0.52 60 28.45 1.28 30.0 
Block 2 95 29.4 0.39 56 16.09 0.83 22.9 
Block 2 96 0.0 2.31 52 20.87 1.54 12.6 
Block 2 97 15.5 0.16 43 10.98 1.10 14.3 
Block 2 98 11.7 1.33 40 34.71 2.50 11.0 
Block 2 99 14.2 2.66 40 31.58 0.50 27.9 
Block 2 100 0.0 2.30 55 20.87 1.00 27.6 
Block 2 101 30.0 2.69 60 10.98 2.50 30.0 
Block 2 102 0.0 0.14 40 43.94 0.50 30.0 
Block 2 103 30.0 2.69 40 10.98 2.50 5.0 
Block 2 104 30.0 2.69 60 43.94 2.50 5.0 
Block 2 105 30.0 2.69 60 10.98 2.50 5.0 
Block 2 106 0.0 0.14 40 43.94 0.50 30.0 
Block 2 107 30.0 2.69 40 10.98 2.50 5.0 
Block 2 108 0.0 2.69 60 43.94 2.50 5.0 
Block 2 109 0.0 0.14 40 10.98 0.50 5.0 
Block 2 110 0 0.14 60 43.94 0.50 30.0 
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Tableau B2 Model transformations for each variable studied 
 Lack of 
fit   
Model Transformation Lack 
of fit 
Model 
Variable 
measured 
p-value 
Prob > F 
 
Type Values p-value 
Prob > F 
 
Mass yield  
(g biodiesel/g 
model oil) 
0.3113 0.0002 Logit Lower: -32 
Upper: 87 
0.9278 < 0.0001 
Final FAME 
content  
(g FAME/g 
biodiesel) 
0.0001 < 0.0001 Logit Lower: -8 
Upper: 99.2 
0.0583 < 0.0001 
Polar phase pH 0.0108 < 0.0001 Square 
Root 
k: -2 0.0836 < 0.0001 
Alkalinity 
(mmol HCl/g) 
0.0883 < 0.0001 Logit Lower:-0.28 
Upper: 150 
0.8525 < 0.0001 
FAME yield 0.0044 < 0.0001 Logit Lower:-3 
Upper: 83 
0.5313 < 0.0001 
 
 
B2 Surface model equations 
B2.1 FAME yield 
Ln[(FAME yield + 3.00)/(83.00 - FAME yield)] = 51.31 + 0.28XB + 0.61XF -2.30XRT + 
0.20XM + 11.20XC – 3.29Xt - 0.11XBXF + 0.04XBXRT – 4.6x10
-3XBXM - 0.02XBXC + 
0.02XBXt + 0.02XFXRT + 0.02XFXM – 3.14XFXC  + 0.12XFXt +8.2x10
-3XRTXM + 
0.03XRTXC + 0.09XRTXt - 0.01XMXC - 0.06XCXt – 0.04XB
2
 - 0.30XF
2
 + 0.02XRT
2 - 
0.01XM
2
 - 6.2XC
2
 + 0.05Xt
2 + 0.01XBXFXM + 1.3x10
-3XBXFXt + 8.9x10
-5XBXRTXM -
2.62XBXRTXt - 2.19x10
-3XFXRTXt - 0.02XFXMXt  + 2.4x10
-3XB
2XF + 2.0x10
-4XB
2XRT – 
4.5x10-4XBXRT
2 -2.2x10-4XBXt
2 + 0.88XFXM
2 - 3.2x10-3XFXt
2 – 5.3x10-4XRTXt -1.6x10
-
4XRTXM
2 7.0x10-4XRTXt
2 + 0.05XC
2Xt - 2.48XCXt
2
 + 6.29x10
-4XB
3
 + 2.44x10
-4XM
3 + 
0.80XC
3 
 
B2.2 FAME content 
Ln[(Final FAME content + 8.00)/(99.20 - Final FAME content)] = 25.94 – 0.91XB + 
1.23XF -1.27XRT + 0.49XM + 21.44XC – 2.81Xt - 0.05XBXF  + 0.06XBXRT – 9.1x10
-4XBXM 
- 0.02XBXC + 0.01XBXt + 0.02XFXRT   + 0.04XFXM – 3.61XFXC  + 0.15XFXt -0.49XRTXC  + 
0.08XRTXt  - 0.10XMXC  - 4.58x10
-3XMXt  - 0.11XCXt – 0.04XB
2
 - 0.11XF
2
 + 0.01XRT
2 - 
0.02XM
2
 -5.12XC
2
 + 0.04Xt
2 – 1.28x10-3XBXETXC – 2.25x10
-4XBXETXt – 6.54x10
-
5XBXMXt - 1.33x10
-3XFXRTXt  - 1.74x10
-3XFXMXt + 0.02XFXCXt - 8.83x10
-4XMXCXt  + + 
1.46x10-4XB
2XF + 2.0x10
-4XB
2XRT   -2.58x10
-3XB
2XC – 6.46x10
-4XBXRT
2 +0.02XF
2XM – 
1.10XFXC
2 - 2.76x10-3XFXt
2 - 5.1x10-3XRT
2XC - 1.6x10
-4XRT
2Xt
  - 7.58x10-4XRTXt
2 - 
0.04XMXC
2 + 1.37x10-4XMXt
2 + 0.03XC
2Xt + 5.97x10
-4XB
3
 + 2.19x10
-4XM
3 + 0.77XC
3 
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B2.3 Polar phase pH 
(Polar phase pH-2) 0.5 = 0.01 + 0.05XB - 0.48XF + 0.01XRT + 0.28XM + 6.01XC - 0.58Xt 
+6.2x10-3XBXF - 2.7x10
-4XBXT - 1.71x10
-3*XBXM - 0.01*XBXC + 3.0x10
-3XBXt - 1.1x10
-
3XF*XRT - 0.04XFXM - 0.46XFXC +0.01XFXt -5.3XRTXM - 0.10XRTXC + 0.02XRTXt -
0.02XMXC -9.50x10
-4XMXt -0.06*XCXt – 2.47XB
2 +0.65XF
2 - 3.15x10-4XRT
2 - 3.05XM
2 – 
1.57XC
2 + 9.3*10-3Xt
2 - 3.4x10-4XBXFXRT - 3.5x10
-5XBXTXM - 2.4x10
-4XFXTXC  - 
3.4x10-5XBXRTXt – 4.2x10
-4XBXCXt + 4.0x10-3XFXTXC +5.4x10
-3XFXCXt + 4.1x10
-
4XMXCXt +3.2x10
-4XB
2XF -5.1x10
-5XBXt
2 -0.06XF
2XC +5.4x10
-4XFXM
2 + 0.13XFXC
2 -
5.9x10-4XFXt
2 + 4.8x10-5XRT
2XM + 7.7XT
2XC - 1.2x10
-4XRT
2Xt +7.9x10
-3 XRTXC
2 - 
1.5x10-4XRTXt + 5.3x10
-3XMXC
2 + 0.02XC
2Xt +4.0x10
-4XB
3 - 0.11XF
3 +2.61x10-5XM
3 + 
0.11XC
3XC
3 
 
 
B2.4 Biodiesel alkalinity 
Ln[(Alkalinity + 0.29)/( 131.50 - Alkalinity)] = -20.58 + 0.26XB – 1.08XF + 0.20XRT + 
0.85XM + 4.00XC - 0.82Xt - 0.03XBXF - 8.8x10
-3XBXM - 0.03XBXC - 2.5x10
-3XBXt + 
0.03XFXRT  - 0.07XFXM  + 0.38XFXC + 0.02XFXt - 7.2x10
-3XRTXM  - 0.06XRTXC - 4.2x10
-
3XRTXt - 0.11XMXC - 0.03XMXt - 0.17XCXt - 3.3x10
-3XB
2
 -7.9x10
-3XM
2 - 0.01Xt
2 + 
1.4x10-3XBXFXM + 2.1x10
-3XBXMXt + 2.0x10
-3XRTXMXC + 2.4x10
-4XRTXMXt + 1.6x10
-
4XMXCXt + 1.3x10
-4XBXM
2
 + 9.2x10
-4XFXM
2 + 2.0x10-4XM
2Xt  + 2.8x10
-4 XMXt
2
 + 3.3x10
-
3XCXt
2 
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